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Foreword

The extended abstracts in these proceedings were presented at the 18th British Geotechnical

Association Young Geotechnical Engineers’ Symposium (YGES2026), held at Imperial College

London from 22-23 June 2026.

The BGA Young Geotechnical Engineers Symposia provide an excellent opportunity for

postgraduate students, researchers and early-career geotechnical engineers to present their latest

research and discuss current challenges in geotechnical engineering. The symposium offers a

welcoming forum in which participants can exchange ideas, receive constructive feedback and

build professional relationships in an informal and collaborative atmosphere. For many

delegates, YGES represents their first major conference and an important milestone in their

research careers.

The contributions presented at YGES2026 demonstrate the breadth and quality of

contemporary geotechnical engineering research and practice. The proceedings include studies

covering laboratory testing, field investigations, numerical modelling, analytical methods and

data-driven approaches, addressing topics such as soil behaviour, foundations,

geoenvironmental engineering, transportation infrastructure, offshore geotechnics and

sustainable engineering solutions. Together, these contributions highlight the innovation,

diversity and enthusiasm of the next generation of geotechnical engineers and their

commitment to advancing both research and professional practice.

The organising committee was delighted to recognise outstanding contributions through the

symposium awards. The Best Presentation Award was presented to Sarah Irvine, and the

Outstanding Presentation Awards were presented to Benedek Nagy, Rayn Chia, and Javier

Sánchez Fernández. We warmly congratulate the award recipients for their excellent work.

The organising committee was honoured to host the 18th YGES at Imperial College London.

The success of the symposium is owed to all delegates for their enthusiastic participation and

engaging technical discussions. We are sincerely grateful to our session chairs for their

professionalism in facilitating the technical sessions, and to our keynote speakers, Dr Natalie

Wride and Dr Ken Vinck, for delivering inspiring lectures that greatly enriched the symposium.
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of the Young Geotechnical Engineers’ Symposium series, volunteers and colleagues whose 

dedication and hard work made the event possible. We hope that these proceedings will serve 

as a valuable record of the symposium and encourage continued collaboration and innovation 

within the geotechnical engineering community.

Katerina Tsiampousi, Francesca Palmieri, Dariel Hernández Delfin, Hao Wang, and Si Suo 
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Abstract  
Granular Metamaterials are engineered materials composed of discrete particles, with abilities to 
exhibit unique mechanical properties, not typically observed in naturally occurring granular 
materials. One of these properties is geometric cohesion, a type of bulk-scale apparent cohesion 
that emerges from the intense interlocking of cohesionless, highly non-convex, engineered 
particle morphologies. Systems exhibiting geometric cohesion can form mechanically stable, free-
standing structures with nearly vertical angles of repose, whereas natural dry granular soils 
typically feature repose states of lower angles, around 20-40 degrees. This presents the 
opportunity to use these metamaterials as additives to granular soils to enhance their mechanical 
response, for the purpose of soil stabilisation. This study presents numerical investigations into 
the behaviour of assemblies made of granular metamaterials using the Discrete Element Method 
(DEM), with a focus on their Angle of Repose (AoR) as a measure of bulk-scale stability. 
 

Introduction 
Achieving reliable and consistent stability 

of granular soils is crucial for the design of 
resilient infrastructure. The continuous rise in 
demand for infrastructure means it is 
becoming increasingly necessary to use 
areas of land previously considered too weak 
for building use [1]. Hence, these sites will 
need to be subjected to soil stabilisation. 
There is no single governing principle when it 
comes to soil stabilisation. Highly site-specific 
techniques are employed, which depend on a 
soil’s unique mechanical composition. 
Familiar techniques include initial conditioning 
achieved through drainage, compaction or 
pre-consolidation, chemical stabilisation and 
mechanical stabilisation through vertical rigid 
inclusions and geosynthetics.  

However, many of these techniques come 
with a significant carbon footprint, and there is 
now a pressing need to implement solutions 
which are environmentally conscious. 
Additionally, climate-related changes pose a 
growing threat to soil stability and the 
longevity of buried infrastructure, and this 
must be considered when designing the next 
generation of soil stabilisation techniques. For 
instance, environmental loading has been 
shown to induce cyclic stresses on soils, 

governing a shrink-swell behaviour [2], having 
detrimental impacts, and new stabilisation 
techniques are sought to mitigate this.  

Granular metamaterials are an emerging 
class of artificial materials with extraordinary 
mechanical properties. Their usage finds 
interdisciplinary applications across fields 
studying granular mechanics, such as 
Physics, Mechanical Engineering, Architectu-
re, and Material Science [3, 4], due to their 
unusual mechanical properties, achieved not 
just by material composition but by particle 
geometry and contact topology. This study 
explores the properties of granular metama-
terials, with the scope to use them as a novel 
soil improvement technique, via mixing natur-
al soils and granular metamaterials particles.  

Methodology 
The stability of systems made of granular 
metamaterials is explored via simulations 
using the Discrete Element Method (DEM) 
and the YADE open-source software [5]. 
Complex metamaterial particles are created 
as multipods with varying numbers of arms, as 
shown in Figure 1, which feature variable 
morphological features e.g. in terms of spheri-
city. These particles are simulated in YADE as 
flexible grids composed of sphero-cylinders. 
Simulations are conducted by inserting 
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particles periodically above a hollow 
cylindrical container and allowing them to 
settle under gravity. Following filling of the 
cylinder, the particle arrangement is either 
vibrated or compressed, with aims to densify 
the packing. The system constraints are then 
removed allowing a stable repose state to 
form. The final Angle of Repose (AoR) is 
measured as well as the evolution of 
interparticle forces, orientations, and contacts, 
over time. Here, the AoR is employed as a 
simplistic and repeatable test to quantitively 
assess the bulk stability and behavioural 
patterns of Granular Metamaterials, where 
more stable configurations feature higher AoR 
values. 
  
 
 

 
Figure 1: Granular metamaterial particles.  

Results 
Preliminary results indicate that particle 
morphology plays a dominant role in 
governing the macroscopic response of 
granular packings made of these complex 
particles. Figure 2 illustrates that particles with 
higher sphericity consistently exhibit lower 
AoR values, reflecting limited interlocking 
between particles and enhanced bulk mobility.  
Insights into the underlying micromechanical 
behaviour are obtained through evaluation of 
coordination number, fabric anisotropy, mean 
contact force and mean normal deformation. 
Such parameters provide a direct link 
between particle-particle scale interactions 
and the emerging bulk response of the 
system; this forms a basis for shape 
optimization. Additionally, the system 
response is also strongly governed by the 
sample preparation protocol, which defines a 
granular packings history. 

Conclusions and future work 
Our findings indicate that interparticle friction 
and particle morphology dominate the 
emergence of geometric cohesion in AoR 
simulations of granular metamaterials. The  

results show a linear scaling of the AoR with 
particle sphericity, which may allow for the 
design of these systems in the future. More 
work is required to establish the dominant 
parameters which control the onset of this 
phenomenon more comprehensively. 

Figure 2: AoR of assemblies with varied 
sphericities ψ, and interparticle friction angles. 
 

Understanding the behaviour of granular 
metamaterials via bridging microscale 
properties to macroscale response creates 
the basis for extending investigations to mixed 
assemblies of granular metamaterials with 
natural soils and allows for the effectiveness 
of these particles as mechanical additives to 
be systematically quantified. This creates the 
foundation for future numerical and experi-
mental work to explore how engineered 
particles can be designed as a novel ground 
improvement technique. 
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Abstract  

This study examines the rate of primary consolidation of kaolinite under chemically active pore 
fluids using one-dimensional consolidation tests. Speswhite kaolin specimens were sedimented 
in NaCl solutions at concentrations of 0.1, 0.2, and 0.6 M to develop different initial fabrics. 
Consolidation behaviour was evaluated up to stress levels of about 900 kPa, with coefficients of 
consolidation determined using Taylor’s square-root-of-time method. Results indicate that 
increasing the NaCl concentration moderately enhances the rate of primary consolidation at all 
the stresses. 

Introduction 
Consolidation of clay soils is traditionally 
treated as a hydro-mechanical process 
controlled by compressibility and permeability. 
However, physicochemical interactions and 
pore fluid chemistry can significantly influence 
soil fabric and drainage behaviour, particularly 
at low effective stresses [1,2]. Electrolyte 
concentration alters electrical double layer 
thickness and interparticle forces, affecting 
particle arrangement and pore structure.  
Previous studies have shown that salinity can 
modify clay compressibility and permeability, 
especially in the normally consolidated stress 
range [3,4]. Although chemical effects on 
consolidation are expected to diminish with 
increasing stress due to fabric collapse and 
contact-force dominance [5], their influence 
on the rate of primary consolidation remains 
poorly understood. This study investigates 
how electrolyte concentration affects the 
primary consolidation behaviour of kaolinite 
and how these effects evolve with applied 
stress. 

Methodology 
One-dimensional consolidation tests were 
performed on Speswhite kaolin sedimented 
from RO water and NaCl solutions (0.1–0.6 M) 
to generate different initial fabrics. Specimens 
were then consolidated under stresses of 
113–897 kPa. 

Settlement–time responses were recorded 
during each loading stage to evaluate primary 
consolidation behaviour. The coefficient of 
consolidation, ܿ௩ , was determined using 
Taylor’s square-root-of-time method, 
expressed as  ܿ௩ = వ்బ ு೏

మ

௧వబ
  where ଽܶ଴  is the 

dimensionless time factor corresponding to 
90% consolidation (typically 0.848), ܪௗ is the 
maximum drainage path, and t90 is the time 
required to reach 90% primary consolidation.  

Results 
Figure 1 shows the variation of ܿ௩  and ݉௩

ିଵ 
with effective vertical stress (ߪ௩

ᇱ)  for 
Speswhite kaolin prepared with RO water and 
NaCl solutions. For all pore-fluid conditions, 
both parameters increased with stress, 
indicating progressive stiffening of the soil 
skeleton. Across the tested stress range, 
specimens prepared in saline solutions 
exhibited higher ܿ௩  values than those 
prepared in RO water, with ܿ௩ increasing with 
electrolyte concentration. This behaviour is 
consistent with salinity-induced fabric 
modification, whereby reduced double-layer 
repulsion promotes a more open fabric and 
higher permeability [3–5].  
The values of ݉௩

ିଵ were broadly similar for all 
pore-fluid conditions at a given stress. Since 
ܿ௩ ∝ ݇/݉௩ , the higher ܿ௩ values for saline 
specimens suggest increased permeability 
resulting from salinity-induced fabric changes. 
The observed increase in ܿ௩ with stress 
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agrees with reported behaviour for low-activity 
clays such as kaolinite and contrasts with the 
decreasing ܿ௩-stress trends often reported for 
montmorillonite and bentonite [6,7]. 

 
(a)                                

 
(b) 

Figure 1: Variation of (a) coefficient of 
consolidation, ܿ௩, and (b) constrained 

modulus, ݉௩
ିଵ, with effective vertical stress, 

௩ߪ
ᇱ , for Speswhite kaolin prepared in RO 

water and NaCl solutions. 

Conclusions and future work 

This study has explored the variation in both 
the ࢜ࢉ and ࢜࢓

ି૚ by considering data from 1D 
oedometer tests on Speswhite kaolin 
consolidated with both saline pore fluids and 
water treated with reverse osmosis.  Both  ࢜ࢉ 
and ࢜࢓

ି૚ increased with increasing ࣌࢜
ᇱ  for all 

pore fluid chemistries considered.  At a given 
࣌࢜

ᇱ   value, ࢜ࢉ  increases with increasing salt 
concentration.  As  ࢜࢓

ି૚  shows limited 
sensitivity to the pore fluid conditions, 
differences in consolidation response are 
inferred to be primarily controlled by 
permeability. Further work requires direct 
measurement of hydraulic conductivity, 
combined with microfabric characterisation, to 
assess the influence of electrolyte 
concentration on soil structure and its 
evolution under loading. 
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Abstract 

Growing interest has been directed towards the thermo-hydro-mechanical behaviour of saturated 
soils, driven by an increasing number of geomechanical problems associated with the complex 
nature of heat transfer in soils. This paper presents the results from two bulk modulus tests on 
saturated kaolin clay specimens at 50 °C and 70 °C. These preliminary results indicate that higher 
temperatures induce thermal volumetric strain in kaolin clay, however, the bulk modulus may 
remain largely unaffected by temperature changes. 

Introduction 
In recent years, considerable attention has 
been directed towards the thermo-hydro-
mechanical (THM) behaviour of saturated 
soils. This interest is driven by geomechanical 
challenges associated with increasingly 
complex geotechnical infrastructure involving 
heat transfer in the ground, key examples 
include ground source energy systems, high-
level radioactive waste disposal, and buried 
high-voltage cables [1,2,3]. In such systems, 
thermal loading can induce significant 
volumetric strains. However, the magnitude 
and nature of these strains are governed by a 
range of factors, including soil mineralogy, 
stiffness, and thermal and mechanical loading 
history, making it challenging to isolate and 
quantify the effects of temperature. 
Currently a wide range of experimental 
studies exists on the influence of temperature 
on soil behaviour providing extensive insight 
into strength, pore water pressure changes, 
consolidation, permeability, and the 
interactions among these factors under 
varying thermal conditions [3,4]. The bulk 
modulus of the soil is one of key parameters 
that is usually not evaluated in experimental 
studies. It is, however, an essential parameter 
in constitutive models used for predicting 
volumetric deformation in soil under 
mechanical and / or thermal loading. This 
paper presents preliminary results on the 
evolution of the bulk modulus in saturated 
kaolin clay at 50 ˚C and 70 ˚C. These 
experiments are part of a wider research 
study into the THM response of clays and 

sands and their mixes. 

Methodology 
Reconstituted kaolin specimens were 
prepared by mixing dry kaolin powder with 
deionised water to form a slurry at a moisture 
content of 1.25 times the liquid limit, to 
achieve sufficiently low viscosity to minimise 
entrapped air and ensure a homogeneous 
mixture. After mixing and allowing the sample 
to equilibrate for 24 hours, the slurry was 
consolidated in a large consolidometer for 
three weeks at an effective stress of 200 kPa 
to form a clay ‘cake’, from which 50x100mm 
specimens were carved for testing in a 
temperature controlled triaxial cell.  
Advanced thermo-hydro-mechanical testing 
paths were adopted to investigate soil 
behaviour under thermo-mechanical loading, 
as shown in Figure 1. First, a mean effective 
stress of 10 kPa was applied at a temperature 
of 22 °C (Path 0 → 1), resulting in an 
overconsolidation ratio (OCR) of 20. 

  
Figure 1: Thermo-hydro-mechanical testing paths 
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Drained isotropic heating (Paths 1 → 2 and 
1 → 2’) was then applied at a rate of 1 °C/h, 
following Chen [1], to avoid the generation of 
excess pore water pressure. Isotropic 
mechanical loading (Paths 2 → 3 and 2’ → 3’) 
and unloading was then applied at constant 
temperatures (Paths 3 → 4 and 3’ → 4’) 
resulting in an OCR of 1.3. 

Results 
Under drained conditions at constant mean 
effective stress (p′), an increase in 
temperature induces thermal volumetric 
strain. The results indicate that kaolin 
specimens exhibited thermal expansion when 
heated from 22-50 °C and 22-70 °C, with 
dilation becoming increasingly pronounced at 
the higher temperature, indicating strong 
temperature-dependency of strain 
development. This behaviour is attributed to 
the specimen’s stress history [4,5]. 

 

 
Figure 2: (a) Volumetric strain of kaolin during 
heating from 22 °C to 50 °C and 70 °C; (b) bulk 
modulus test results at 50 °C and 70 °C. 

In contrast, the bulk modulus showed only 
minor variation with temperature, suggesting 
that the stiffness of the material may not be as 
sensitive to temperature changes. 

Future work 
Further planned experiments on soil mixes 
will contribute a broader understanding of the 
THM soil response.  
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Abstract  
Glacial tills are routinely treated as competent foundations for dams on the assumption that their 
dense and well-graded nature excludes brittle behaviour. A comprehensive critical state 
programme performed on remoulded samples in a glacial till located in northern Europe, which 
combined triaxial and bender element testing, challenges this view. Loose specimens reveal a 
strongly contractive and brittle response, with rapid post-peak strength loss, while small-strain 
stiffness measurements place the material close to the clay domain of established global 
frameworks. The results suggest that, where loose pockets of the material are sufficiently 
extensive, they could act as a previously underappreciated trigger mechanism for deformation 
and flow liquefaction.

Introduction 
Glacial tills are well graded, often dense, and 
routinely treated as competent foundations for 
tailings facilities. The post-Brumadinho 
regulatory landscape [1][2] requires operators 
to demonstrate that foundation materials don’t 
present brittle behaviour. This obligation 
forces a closer look at materials previously 
considered safe. 
This study discusses a glacial till which forms 
the foundation of an active tailings storage 
facility in northern Europe. It is highly 
heterogeneous, ranging from clay and silt 
through sand, gravel, cobbles and boulders, 
with fines content varying significantly across 
the foundation footprint. Although the deposit 
is generally dense and well graded overall, 
this variability suggests that loose pockets 
dominated by the fine matrix fraction may 
exist within an otherwise competent skeleton. 
This study presents results from a 
comprehensive critical state programme on a 
non-plastic silty sand representative of the 
fine matrix fraction, designed to evaluate its 
susceptibility to strain softening and flow 
liquefaction, with particular focus on the 
surprising brittleness identified in loose 
specimens and on small-strain stiffness 
measurements obtained from bender 
elements. 

Methodology 
A blended sample with 36% fines, 
representative of the average in-situ matrix 
gradation, was tested. Specimens were 
reconstituted by moist tamping using a multi-
layer undercompaction technique to control 
initial density following the recommended 
procedures for critical state testing of 
cohesionless remoulded samples set out by 
[3] and [4]. The campaign comprised 14 
isotropically consolidated triaxial tests (6 
drained, 8 undrained) at confining stresses 
varying from 300 and 3000 kPa, 
complemented by 4 bender element tests on 
specimens prepared at loose, dense and very 
dense states. Shear-wave velocity was 
measured at multiple consolidation stages to 
characterise the small-strain stiffness over a 
wide range of void ratios. Index testing was 
carried out to support the interpretation and to 
bracket the range of achievable void ratios. 

Results 
Figure 1 presents the undrained stress 
response of the loose specimens tested at 
confining stresses up to 1000 kPa. All tests 
show a sharp peak at axial strains of 1 to 3%, 
followed by pronounced strength loss, with 
residual strengths collapsing towards zero at 
the lower confining stresses. Peak undrained 
strength ratios Su/σ'v0 ranged from 0.24 to 
0.40, with residual values as low as 0.02. This 
response is markedly more brittle than 
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typically expected for a well graded silty sand 
and overlaps with values reported for liquefied 
tailings.  
Figure 2 shows the critical state line (CSL) 
derived from the triaxial dataset in void ratio 
versus mean effective stress space. A linear 
semi-logarithmic curve (e = 0.4251 − 0.015 ln 
p′) fits well with the data. A key observation is 
how narrow is the transition zone: a small 
change in void ratio, at the order of 0.02 to 
0.03, is enough to move the material from 
contractive to dilative behaviour at a given 
stress level. 

 
Figure 1: Undrained stress-strain response of 

loose specimens. 

 
Figure 2: Critical state line in e-p′ space. 

The bender element programme 
complements the CSL plot. Four specimens 
prepared at loose, dense and very dense 
states were fitted to the empirical power law 
Vs = α (p′)^β. When plotted on the global 
dataset of [5], the fitted α values ranged from 
24 to 53 m/s and β exponents from 0.31 to 
0.40, close to the clay domain rather than 

within the typical range for clean sands, an 
unexpected position for a silty sand that 
reflects the high compressibility of the well 
graded material. 
When analyzing all results together, it can be 
identified a credible failure mechanism within 
nominally competent till foundations. Even 
modest loose pockets dominated by the fine 
matrix fraction can behave as brittle, 
contractive, low residual strength material. 
Under rapid loading, such as seismic events 
or pore pressure increase, these pockets 
could trigger localised strength loss that 
propagates through neighbouring contractive 
zones.  

Future work 
Future work will integrate the laboratory 
dataset with in-situ testing to map loose 
pockets across the foundation, extend the 
contractive dataset to better constrain the 
CSL, and use mineralogical and microscopy 
investigations to clarify the fabric mechanisms 
behind the clay-like stiffness response. The 
calibrated critical state model will then feed 
deformation analyses for the TSF stability 
assessment. 
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Abstract  

This study aims to investigate the water retention behaviours of hydrophobic granular soils to 
predict their mechanical performance in engineering applications. Numerical simulations were 
used to correlate water content with mechanical response by simulating the meniscus profiles 
under different particle shapes and surface roughnesses. The results show that hydrophobicity 
significantly alters the evolution of the meniscus morphology, thereby affecting the capillary forces 
and pressures as the volume of the water bridges changes. Future work will focus on the 
simulation of particle assemblies and the characterization of the water retention behaviour of 
hydrophobic granular soils. 
 

Introduction  
Water retention curves plays a key role in the 
prediction of the soil mechanical performance 
under changing water conditions. It connects 
the hydraulic behaviour with soil matric 
suction, which is governed by the capillary 
phenomena in hydrophilic materials. However, 
in hydrophobic granular soils, the surface 
wettability is altered, leading to different solid-
liquid interaction. This may significantly 
influence capillary processes, therefore, the 
water retention behaviour. Such materials 
have been utilized in applications such as 
capillary barriers in slope protection and 
water-repellent layers in engineering, 
highlighting the necessity to better understand 
how hydrophobicity affects soil water 
retention behaviour.  
Previous studies have investigated the 
hydrophobic capillary wetting experimentally 
and numerically [1]. Despite these advances, 
the effect of hydrophobicity on WRCs remains 
unclear, particularly in terms of the pore-scale 
mechanisms as previous simulation works 
adopt ideal sphere particle shapes and 
smooth surfaces. This study quantifies the 
hydrophobicity effect by exploring the particle 
shapes and surface roughness effect on water 
retention behaviours.  

Methodology  
The shape of the water bridges in mechanical 

equilibrium and the corresponding capillary 
forces and pressures acting on different 
shapes of particles were solved using Surface 
Evolver solver [2] by minimizing the interfacial 
free energy. For each configuration of the 
liquid-vapour interface with ܰ  particles, the 
total surface energy ܧ௦ is represented using 

1
ls Nlv lv vs ls

s ii
E A A

=
= −+   (1) 

where, ܣ௟௩ is the area of the liquid-vapour 
interface, ܣ௟௦ represents the area of the drop 
in contact with the surface, and ߛ௟௩ , ߛ௟௦  and 
 ௩௦ denote the liquid-vapour, liquid-solid, andߛ
vapour-solid interfacial tensions, respectively. 
Simulations were performed to investigate the 
capillary interaction between two spherical 
particles of diameter 1 mm. Capillary forces 
were also measured using a tensiometer 
(DCAT-25) under the same configuration to 
validate the simulation results. 

Results 
The results show that hydrophobicity alters 
capillary behavior, exhibiting different capillary 
force and pressure dynamics characteristics. 
Figure 1 shows the capillary force curves 
corresponding to different particle spacings 
for given meniscus volumes. For hydrophobic 
(HPB) particle pairs, the capillary force 
undergoes a sharp transition from repulsive to 
attractive at small particle spacings and then 
approaches a negligible value as the spacing 
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increases further. The HPL case shows a 
reduction only in the attractive force regime. 

 
Figure 1: Capillary force versus interparticle 

spacing at different meniscus volumes 
for hydrophobic (HPB) and hydrophilic 

(HPL) conditions. 
A particle spacing of 0.2 mm was selected to 
study the variation in capillary pressure with 
changing meniscus volume, as shown in 
Figure 2. For the HPB condition, the capillary 
pressure first reaches its maximum value then 
rapidly decreases to a stable pressure value. 
The transition from negative pressure to 
positive pressure corresponds to the 
expansion of the meniscus from concave to 
convex under the HPL condition [3, 4].  

 
Figure 2: Capillary pressure versus water 

bridge volume for hydrophobic (HPB) 
and hydrophilic (HPL) conditions at 0.2 

mm interparticle spacing. 

Future work 

Future work will focus on the experimental 
validation of the simulation results from the 
meniscus expansion and contraction 
processes. The existing model will also be 
extended to simulate menisci for granular 
particle assemblies. 
This study will improve the understanding of 
the capillary processes for hydrophobic 
granular soils, and is expected to enhance the 
prediction of the mechanical response of such 
materials as water condition changes. The 
findings could be beneficial for industrial or 
agricultural application that requires capillary 
barriers. 
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Abstract  
This study presents a low-cost automated apparatus for measuring the water entry pressure 
(WEP) of hydrophobic porous materials. The system integrates Arduino-based motion control, 
moisture sensing, video recording, and MATLAB-based data acquisition to apply controlled 
hydraulic loading and detect water breakthrough automatically. Wax-coated glass beads were 
tested to demonstrate the capability of the apparatus. The results showed that the setup could 
capture breakthrough behaviour. The proposed apparatus provides a practical platform for WEP 
testing and has potential for broader application for testing chemical and biological induced 
hydrophobicity in soils. 
 

Introduction 
Hydrophobic porous materials can delay 
water infiltration and therefore have potential 
applications in geotechnical and geo-
environmental engineering, for example in 
slopes, embankments, and cover systems 
where reduced water ingress is desirable. 
Their hydraulic performance is commonly 
characterised by the water entry pressure 
(WEP), defined as the pressure required for 
water to penetrate a hydrophobic layer [1-2]. 
However, existing WEP tests often rely on 
manual observation of breakthrough and 
typically provides limited information about 
the infiltration process through the specimen. 
To address these limitations, this study 
presents a low-cost automated apparatus for 
WEP measurement. The system is designed 
to increase hydraulic head in a controlled 
manner, record the breakthrough process, 
and terminate the test automatically once 
water penetration is detected. Wax-coated 
glass beads were used here as a reference 
material to demonstrate the capability of the 
apparatus. 

Methodology 
The testing system consisted of a host 

computer, two Arduino Uno boards, two linear 
actuators, moisture transducers, and a CMOS 
camera. MATLAB was used on the host 
computer for data acquisition and 
coordination of the test sequence. Hydraulic 
head was increased gradually using two linear 

actuators: Initially the water reservoir 
controlled by actuator 2 was held in a fixed 
position, and the specimen was lowered via 
actuator 1, and once its travel limit was 
reached, actuator 2 then raised the water 
reservoir to continue increasing the water 
head applied. 

The actuators were controlled through a 
CNC shield mounted on Arduino 1 with 
TMC2209 stepper motor drivers. A T8 lead 
screw with 1/16 microstepping provided a 
linear movement resolution of 2.5 μm. In the 
present test, the axial actuator was operated 
at a constant speed of 1 mm/s. 

 Two moisture transducers (MD0504) were 
inserted at the base of the specimen to detect 
breakthrough. The sensor response returned 
to the Arduino as an analog voltage signal, 
which was converted by the Arduino’s 10-bit 
analog-to-digital converter into values ranging 
from 0 to 1023, corresponding to 1024 
discrete levels within the reference voltage 
range. The sensor reading typically varied 
from about 1023 in air to about 220 when fully 
submerged in water, and a threshold value of 
400 was adopted to stop the test automatically. 
Once the threshold was reached, Arduino 2 
sent a signal to Arduino 1 to terminate the 
system. 

Wax-coated glass beads with a diameter of 
2 mm were used as the proof-of-concept test 
material. The specimen preparation followed 
the procedure outlined by Bardet et al. [3], 
using a wax content of 6% by mass.  
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Figure 1: Sketch diagram of the system 

setup. 

 
Figure 2. The variation of transducer value 

against test time. 

Results 
Figure 2 shows a representative response of 
the moisture transducers during testing of the 
wax-coated glass beads. At the beginning of 
the test, the sensor readings remained 
relatively stable, indicating that water had not 

yet penetrated through the specimen. As the 
applied hydraulic head increased, 
breakthrough occurred and was identified by 
a clear drop in transducer output. This 
demonstrates that the proposed system could 
automatically detect water penetration 
through the hydrophobic wax coated glass 
beads. 
A difference was observed between the 
responses of the two transducers, with one 
sensor showing no change in transducer 
response. This may be related to preferential 
flow during breakthrough, which is plausible in 
hydrophobic granular materials where local 
wetting can be spatially non-uniform. Overall, 
the results confirm that the setup can capture 
the breakthrough event while reducing the 
need for continuous manual observation. 

Future work 
Future work will apply the system to fungal-
treated porous materials to investigate how 
fungal growth affects both water entry 
pressure and infiltration behaviour. Additional 
repeat tests and comparison with other 
hydrophobic materials will also be carried out 
to improve the reproducibility and broader 
applicability of the proposed WEP testing 
system. 
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Abstract  
This study investigates the interface shear behaviour of rock–grout systems relevant to drilled 
and grouted piles/anchors for offshore renewable energy applications. A staged laboratory testing 
programme was developed using two complementary direct shear apparatuses in Southampton 
and Glasgow. Initial steel–grout tests under constant normal load and constant normal stiffness 
boundary conditions confirmed comparable low-stress behaviour. Subsequent tests on 
sandstone–grout specimens provided insight into more realistic interface conditions. The results 
highlight the need for higher stress-level testing to characterise field-relevant behaviour, forming 
the basis for ongoing experimental and modelling work. 

Introduction 
Drilled and grouted piles and anchors are 
increasingly used in offshore renewable 
energy systems, where load transfer is 
typically governed by the shear behaviour of 
the grout–rock interface. Despite its 
importance, this interface remains difficult to 
characterise under laboratory conditions due 
to challenges in reproducing field-
representative stress levels, boundary 
conditions, and surface roughness [1–2]. 
This study forms part of a DPhil project aimed 
at developing a design framework for such 
systems. The focus here is on the 
experimental investigation of interface shear 
behaviour using direct shear box testing. A 
key challenge is bridging the gap between 
controlled laboratory testing and the high 
stress levels encountered in offshore 
environments. 
To address this, a staged laboratory 
programme was adopted, beginning with 
controlled steel–grout interfaces and 
extending to natural rock–grout specimens. 
This staged approach enables a consistent 
transition from controlled laboratory 
conditions to more realistic interface 
behaviour representative of offshore field 
conditions. The work presented here focuses 
on methodology development and qualitative 
behavioural trends rather than quantitative 
design outputs.  

Methodology 
The experimental programme employed two 
complementary direct shear testing systems: 
the GDS Direct Shear Box (Southampton), 
with testing conducted in Geowynd’s 
laboratory, allowing testing under both 
constant normal load (CNL) and constant 
normal stiffness (CNS) at low stress levels, 
and the hand-operated portable shear rock 
apparatus (Glasgow), with testing conducted 
at the University of Glasgow soil mechanics 
laboratory, enabling higher normal and shear 
stresses under CNL conditions (Figure 1). 

 
Figure 1: Direct shear testing systems: (a) 

Southampton, (b) Glasgow apparatus 
Initial tests used steel–grout interface 
specimens to validate the methodology, 
compare CNL and CNS boundary conditions, 
and establish apparatus limits. The 
investigation was then extended to natural 
sandstone specimens, with sandblasted 
surfaces produced to introduce irregular and 
representative roughness (Figure 2). Due to 
practical limitations in machining rock with 

a) b) 
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predefined geometries, sandblasting provided 
a controlled method to create irregular surface 
profiles that better reflect field conditions. 
Surface roughness was quantified using 3D 
laser scanning and MATLAB-based 
processing. A staged testing programme was 
implemented to systematically investigate 
interface behaviour across different materials, 
boundary conditions, and stress levels (Table 
1). 

 
Figure 2: Specimen surfaces: (a) machined 
steel surface (regular), (b) sandblasted rock 

specimen surface (irregular) 
Table 1: Summary of testing programme 

Testing 
Stage 

Interface 
Type Apparatus Boundary 

Condition 
Stress 
Level 

Stage 1 Steel-grout Southampton CNL&CNS Low 

Stage 2 Steel-grout Glasgow CNL Low/High 

Stage 3 Rock-grout Southampton CNL&CNS Low 

Stage 4 Rock-grout Glasgow CNL Low/High 

Results 
Figure 3 shows the shear stress–normal 
stress response for the steel–grout interface. 
Steel–grout interface tests indicate that CNL 
and CNS conditions produce comparable 
shear behaviour at low stress levels. 
Differences in normal stress evolution and 
dilation were observed, but the overall shear 
response remained similar. Comparison 
between Southampton and Glasgow 
apparatus demonstrates consistent interface 
behaviour at low stresses, while the change in 
slope of the failure envelope with increasing 
stress highlights stress-dependent behaviour. 
These results indicate that low-stress 
laboratory tests alone are insufficient to fully 
characterise interface behaviour relevant to 
offshore conditions, emphasizing the need for 
higher stress-level testing. 

Future work 
Due to space constraints, detailed Stage 3 

(Table 1) rock–grout test results are not 
presented here; however, these tests remain 
a key part of the experimental programme and 
guide the planned high-stress investigations. 
Future work will extend testing to higher 
normal stress levels using the Glasgow 
apparatus to better represent in-situ offshore 
conditions. Additional experiments will 
explore a wider range of surface roughness. 
Results will be integrated into numerical 
models, including interface constitutive 
models and simplified pile analysis 
frameworks, to develop a methodology linking 
laboratory-scale interface behaviour to full-
scale drilled and grouted pile performance. 

Figure 3: Shear stress–normal stress 
response for the steel–grout interface 

(Stages 1–2, Table 1).  
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Abstract  
This project focuses on developing a coupled numerical model to investigate the performance of 
shared anchor piles for floating offshore wind turbines (FOWT). A 3-mooring line model was 
created within ABAQUS to simulate: 1) pile installation effects, 2) pile lateral performance under 
multidirectional loads. The installation procedure was simulated using a coupled Eulerian-
Lagrangian model (CEL). OpenFAST [1] was used to generate the wind, wave, and current 
(WWC) loads on the turbine, which were transferred via taut mooring lines as tensile forces to the 
pile. The soil domain consists of a fine sand represented by the Mohr-Coulomb (MC) constitutive 
model. Modelling results reveal an increase in stress from the pile toe extending to 3-4D from the 
outer pile wall, complemented by plastic strain along the pile driving path. 

Introduction 
Shared pile anchors are an extension of the 
single pile anchor foundation, where multiple 
mooring lines are connected to the anchor. 
Due to its axisymmetric geometry about the 
vertical, anchor points can be positioned in an 
equally spaced, radial configuration around 
the outer wall of the pile, facilitating numerous 
attachments to floating structures.  
This is expected to moderate the number of 
anchors of a 100-turbine wind farm by 60-79%, 
reducing material usage and construction 
time [2]. Combined with the benefit of reduced 
mean and maximum net forces due to force 
cancellation effects, the shared anchor 
represents a promising proposition when 
designing large scale wind farms.  
Nevertheless, this proposal is accompanied 
by uncertainties. These include the effects of 
multidirectionality and load reversals on the 
soil, greater vertical loads, and installation 
effects on the anchor behaviour among others. 

Methodology 
The Finite Element analysis software 
ABAQUS was used for both the creation of the 
geometric mesh and running of the analysis.  
The model consists of a cylindrical soil domain 
with a diameter and depth of 50 m and a 
hollow steel pile with a 2.5 m diameter, D and 
20 m length. Only half of the model was used  

 
for the installation step, given the symmetrical 
nature of hydraulic driving. An accelerated 
vertical driving rate of 5.0 m/s is prescribed to 
the entirety of the pile model, after which 
anchor tensions are transmitted (Figure 1). 
The tensions are generated in OpenFAST and 
correspond to movements produced by a 15 
MW turbine with a semisubmersible platform 
attached to a taut 3-line mooring system 
spread 120° and inclined 45° from the seabed. 

Figure 1: Anchor tensions vs time 
A CEL model is used when simulating the 
driving action on the pile, while a Lagrangian 
model is used for the loading step. 
The modelling timeline is as follows: 

1) Geostatic Setup  – 2 seconds 
2) Hydraulic Jacking  – 4 seconds 
3) Anchor Loading – 1800 seconds 
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The properties of the sand are listed below:  

Table 1: Soil properties [3]  
Property Value 

Saturated Bulk Density, ߩ௦௔௧   2018 kg/m3 

Young’s Modulus, 90.0 ܧ MPa 

Poisson’s Ratio, 0.3 ߥ 

Friction Angle, ߶′ 33.1° 

Dilation Angle, ߰ 14.5° 

The application of the MC model is preliminary 
in nature and destined to be replaced by a 
hypoplastic model with small strain to better 
capture the cyclical effects of offshore loading. 

Results 
Figures 2 and 3 display the results when the 
penetration reaches 12 m. 

Figure 2: Stress distribution beneath pile toe 
The greatest effects of pile jacking are 
concentrated at the pile toe, with stresses up 
to two orders of magnitudes greater than the 
surrounding geostatic stress forming right 
below the toe and extending to the area 
around the pile. However, the extent of soil 
truly affected by the procedure extends to 
between 3-4D from the pile wall.  

Figure 3: Plastic strain distribution along pile 
installation path 

Similar to stress, the strain develops at the 
pile toe and extends along the pile 

displacement path. Plastic strain extends up 
to a 1D radius away from the outer pile wall. 
Soil plugging was not recorded during the 
installation analysis. 
Preliminary loading tests were conducted 
using the Lagrangian loading model to assess 
setup accuracy. Radial stresses and strains 
developed especially on the side with greater 
anchor tensions. 

Conclusion and Future Work 
The numerical simulations confirm that the 
disturbance of soil after pile installation is 
significant. This may affect soil properties 
such as relative density which will need to be 
considered during the design stage. 
The immediate target is to transfer the 
installation data as initial conditions for the 
loading step. This involves a postprocessing 
step conducted through a MATLAB 
subroutine which maps and linearly 
interpolates the state variables to the mesh of 
the loading regime [4,5]. This is required due 
to the dissimilarities between the installation 
and loading mesh. 
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Abstract  
The UK aims for 50 GW of offshore wind capacity by 2030, leading to larger monopiles with 
diameters over 10 m. This raises concerns about the appropriateness of existing design methods 
that, for sandy soils, assume fully drained conditions. This research studies offshore wind 
monopile foundations under lateral loading in sand, focusing on drainage effects. Finite element 
analyses, validated by experiments, show that loading rate significantly affects lateral capacity. 
Monopiles exhibit lower resistance under drained conditions and higher resistance when 
undrained or partially drained. These findings highlight the need to consider drainage in monopile 
design as foundation sizes grow. 

Introduction 
Current design methods for offshore wind 
monopiles under lateral loading typically 
assume drained behaviour for sand and 
undrained behaviour for clay (Burd et al., 
2020; Byrne et al., 2020). The study presents 
results from finite element analyses of a 
model monopile in Congleton Sand HST-95, 
validated against centrifuge findings. Various 
drainage conditions were examined, from 
undrained to fully drained, by adjusting the 
dimensionless loading rate V at the pile head. 
Load-displacement curves and excess pore 
pressures at different dimensionless rates are 
shown in the results. 

Methodology 
Analyses were performed using PLAXIS 3D 
with the SANISAND-MS model (Liu et al., 
2019) to simulate soil behaviour. Soil 
parameters were calibrated based on triaxial 
tests (Fleminger, 2025). Two numerical 
monopile models (4.15 m and 5 m in 
diameter) replicated the centrifuge tests. 
Figure 1 illustrates a typical finite element 
setup used in this study. Monopiles were 
loaded in drained conditions using interface 
elements for soil-pile interaction, with the 
Mohr-Coulomb model applied and a friction 
angle equal to the critical state friction angle 
φcs, representing a fully rough interaction. 
Thereafter, coupled consolidation analyses at 
different loading rates v (m/s) at the pile head 

for D = 5 m were carried out. A variety of 
drainage conditions are covered, and loading  
rates are presented using the dimensionless 
loading rate V = vD/cv. Here, cv represents the 
coefficient of consolidation, as defined by 
Equation 1. The parameter Moed refers to the 
constrained modulus of the soil, measured at 
half the length of the pile. Additionally, k 
denotes permeability, while γw represents the 
unit weight of water. k is taken to be 1×10-4 
m/s. A key assumption is that cavitation 
effects are not considered. 
 
cv = Moed*k/γw (1) 

 
Figure 1: Finite element model 

Results 
Figure 2 shows the variation of normalised 
load against normalised ground level 
displacement. Where H is the reaction force in 
response to displacement applied at pile head, 
γ’ is the buoyant unit weight of soil and ux is 
the displacement of the pile at ground level.  
Taking Hult at ux of 0.1D, a 10% (approx.) 
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difference is consistently observed for D = 
4.15 m and 5 m between centrifuge and 
simulated results. The assumption of a fully 
rough pile-soil interface might be the cause of 
this difference.  

 
Figure 2: Load-displacement curves for D = 
4.15m & 5m 

Partially drained behaviour was investigated 
by applying loading rates v between 5 × 10-7 
m/s and 100 m/s. Figure 3 shows the variation 
of H/(γ’D3) with ux/D for different 
dimensionless loading rates V for which V → 
∞ = undrained response, V → 0 = drained 
response. Considering an undrained 
response, Hult taken at ux/D = 0.1 is 8 times 
more than that from a drained response. A 
stiffer load-displacement response is also 
observed when transitioning from drained to 
undrained behaviour. 

 
Figure 3: Load-displacement curve for varying 
drainage conditions 

When the pile is loaded, compressive pore 
pressure develops in the early stages. As the 
soil undergoes larger strains, tensile excess 
pore pressure accumulates around the pile 
shaft and base. This suction is due to the pile 
pulling away from the soil, and the soil dilating 
during shearing. Figure 4 shows the 
development of excess pore pressure during 

undrained loading. As tensile excess pore 
pressure rises, effective stresses in the soil 
increase, leading to greater stiffness in the 
load-displacement curves. 

 
Figure 4: Excess pore pressure contour at 
ux=0.1D (V = 31.1 – undrained). Negative 
values indicate compression, while positive 
values signify tension (suction) 

Future work 
Future work will explore how the effects of 
cavitation and varying monopile diameters 
impact the stiffness characteristics of the 
interaction between monopiles and 
surrounding soil. 
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Abstract 

This study presents the calibration of a modified High-Cycle Accumulation (HCA) model for 
Karlsruhe fine sand using published monotonic and cyclic laboratory data. A stepwise procedure 
is used for the monotonic calibration and a genetic algorithm (GA) for the HCA strain accumulation 
parameters based on 13 drained cyclic triaxial tests. A PLAXIS 3D finite element model of a 
laterally loaded monopile (D = 7.5 m, L = 40 m) is developed and compared against results in the 
literature. This serves as a starting point to aggregate 3D FE long-term cyclic analyses of laterally 
loaded offshore monopiles into one-dimensional design tools. 

Introduction 
Currently, over 80% of offshore wind turbines 
are founded on monopiles. These must resist 
lateral cyclic loads over its design life while 
keeping the accumulated rotation below 
serviceability limits (typically 0.25–0.5°) (DNV, 
2021). 
The API cyclic p-y approach, the stiffness 
degradation method (Achmus et al, 2009), 
and empirical accumulation rules (LeBlanc et 
al., 2010) are examples of existing simplified 
design methods. These approaches, however, 
cannot adequately capture combined site-
specific, geometric and loading effects. 
The High-Cycle Accumulation (HCA) model 
addressed these limitations allowing site 
specific calibration using drained cyclic triaxial 
tests (Niemunis et al., 2005). A recent 
modification coupled HCA with a practical 
sand constitutive model (Tantivangphaisal et 
al, 2025). This study calibrates monotonic and 
cyclic parameters for Karlsruhe fine sand 
using laboratory data (Wichtmann and 
Triantafyllidis, 2015), validates monotonic and 
cyclic models, and compiles a parameter set 
for future studies to develop a simplified 1D 
design tool.  

Methodology 
Monotonic model parameters (Taborda et al., 
2022) for Karlsruhe fine sand were calibrated 
using isotropic compression, oedometer, 
drained and undrained triaxial tests. The 
small-strain shear stiffness modulus is ܩ୫ୟ୶ =

  (݁)݂  ௥௘௙ܩ ൬ ௣ᇲ

௣ೝ೐೑
൰

௠ಸ
  where ܩ௥௘௙ = 157,300 kPa , 

݉ீ = 0.43 , while critical state parameters 
were ݁௠௔௫ = 1.054 , λ = 0.0707 , ξ = 0.2859 
and φ௖௦ = 33.37 . Oedometer unloading and 
reloading data were used to calibrate an 
independent bulk stiffness ܭ௠௔௫  = 

௥௘௙ܭ  
ቀܽ௄−݁)ଶ

ଵା௘
൬ ௣

௣ೝ೐೑
൰

௠಼
  with ܭ୰ୣ୤ = 24,000  kPa 

and ݉௄ = 0.43. This approach avoids reliance 
on an unrealistic constant poisson’s ratio. 

  

 

Figure 1: Predicted and measured drained 
triaxial response (deviatoric stress q (top), 

volumetric strain ߝ௩ (bottom) vs axial strain) 

A half-geometry 3D FE model was created for 
a monopile with L = 40 m, D = 7.5 m, t = 90 
mm, and h = 20 m lever arm (Cao et al., 2023). 
The pile is modelled using linear elastic shell 
elements (E = 210 GPa, v = 0.3). The pile-soil 
interface is modelled using a Mohr–Coulomb 
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failure criterion, with interface friction angle of 
23.7°. Accumulated strain is computed by the 
HCA model as ௗఌೌ೎೎

ௗே
= ௔݂௠௣௟   ௘݂   ௣݂  ௒݂  ௗ௙ಿ

ௗே
 . 

13 drained cyclic triaxial tests were used to 
calibrate the six accumulation model 
parameters, ൛ܥ௔௠௣௟

, ௘ܥ
, ௣ܥ

, ௒ܥ
, ேଵܥ

,  ேଶൟ , usingܥ
a two-stage genetic algorithm method. 

Results 
The calibrated parameter set is provided in 
Table 1. Figure 2 shows comparison between 
predicted and measured accumulated strain 
 ௔௖௖  against cycle number N for 4 selectedߝ
calibration tests. The model captures the 
primary influences of strain amplitude, density, 
mean stress, and stress ratio on long-term 
cyclic behaviour. A leave one out analysis 
confirms calibration robustness, with a COV 
below 15% for five of six parameters. 

Table 1: Calibrated high cyclic parameters 
P18 Campl 1.467 P23 CN1 1.8×10⁻⁴ 

P19 Ce 2.545 P24 CN2 0.235 

P20 eref 1.054 P26 φ'dir 28.79° 

P21 Cp 0.294 P27 Kref,HCA 120,900 kPa 

P22 CY 2.615 P28 νHCA 0.32 

 
Figure 2: Comparison between measured 

and predicted accumulated strain, ߝ௔௖௖, with 
number of cycles, ܰ. 

Future work 
The calibrated parameter set will be used in 
parametric analyses of the monopile 
subjected to different lateral cyclic amplitude 
and directions. Distributed soil reactions will 
be taken from the 3D results to assess 
whether cyclic loading characteristics can be 
incorporated into the PISA framework (Burd et 

al., 2020). This could simplify the link between 
advanced constitutive modelling and routine 
offshore foundation design practice. 
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Abstract  
Resistive and capacitive soil moisture sensors are simple and cost-effective. Although previous 
studies have shown that low-cost sensors can be used to measure soil water content in sandy 
soils, their applicability to high plasticity clay is unclear due to its dense structure, strong water 
retention, and pronounced shrink–swell behaviour. In this study, low-cost resistive and capacitive 
sensors were calibrated for high plasticity clay. By optimising specimen size and sensor 
installation, embedding the capacitive sensor during compaction enabled calibration for soil 
gravimetric water content. 

Introduction 
Soil water content is a key parameter for the 
hydraulic and mechanical behaviour of soils 
(Briggs et al., 2017). Its continuous monitoring 
relies on soil moisture sensors, including high-
accuracy time-domain reflectometry (TDR) 
and frequency-domain reflectometry (FDR) 
sensors, as well as low-cost resistive and 
capacitive sensors. 
High-accuracy sensors provide reliable 
measurements of soil water content, but their 
high cost limits wider application (Mittelbach 
et al., 2012). Resistive and capacitive sensors 
are simple and inexpensive; however, their 
measurements are strongly influenced by soil 
type (Adla et al., 2020). Previous studies have 
shown that low-cost capacitive sensors can 
monitor water content in sandy soils 
(Schwamback et al. 2023), although reliable 
results require soil-specific calibration (Placidi 
et al., 2020). 
High plasticity clay has a denser structure, 
greater water absorption and retention 
capacity, and more pronounced shrink–swell 
behaviour. These characteristics affect low-
cost sensor performance. This study 
calibrated low-cost moisture sensors using 
weathered London Clay under controlled 
laboratory conditions to evaluate their 
applicability to high plasticity clay. 

Methodology 
Weathered London Clay passing a 2 mm 
sieve and prepared at an initial gravimetric 

water content of 30% was used to establish 
quantitative relationships between the output 
of low-cost soil moisture sensors and soil 
gravimetric water content. Soil moisture was 
measured using resistive (SEN0114) and 
capacitive (SEN0193)  soil moisture sensors 
manufactured by DFRobot. 
All sensors were tested under controlled 
drying conditions, with the laboratory 
temperature maintained at 20±2 °C. For the 
resistive sensor, 100 mm high specimens 
were used, and the sensor was inserted 
horizontally into the specimen centre after 
compaction. For the capacitive sensor, 
specimen height was reduced to 30 mm to 
minimise response lag, and two installation 
methods were adopted: lateral insertion into 
demoulded specimens and embedding during 
compaction. All specimens were compacted 
in acrylic tubes to a dry density of 1.48 g/cm³. 
During testing, specimen mass was 
continuously monitored with an electronic 
balance, and sensor voltage was recorded 
every 15 min using a data logger until 
gravimetric water content fell below 15%. The 
data were then used to analyse sensor 
response and derive calibration equations. 

Results 
The resistive sensor could capture the overall 
drying trend of weathered London Clay; 
however, electrode corrosion occurred during 
testing, resulting in unstable output and poor 
repeatability (Figure 1).  
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Figure 1: (a) SEN0114 resistive soil moisture 
sensor, with the new sensor at the top and 

the used sensor at the bottom; (b) SEN0193 
capacitive soil moisture sensor, with the new 

sensor at the top and used sensors below 
The capacitive sensor showed markedly 
better durability and measurement stability. 
After repeated tests, no corrosion was 
observed, with only slight mechanical wear 
(Figure 1). Embedding the capacitive sensor 
during compaction improved sensor–soil 
contact and reduced variability between 
specimens. As gravimetric water content 
decreased, sensor output changed 
continuously and monotonically, and the 
calibration curves from repeated tests showed 
good consistency. An output range of 1200–
1700 mV corresponded to a gravimetric water 
content range of approximately 15%–28% 
(Figure 2). 

 
Figure 2: Calibration results for SEN0193 

capacitive soil moisture sensor 
Future work 
Future work will apply the present calibration 
results to measure changes in the gravimetric 
water content of willow-planted weathered 
London Clay under the same laboratory 
conditions.The calibration range will also be 

extended to a wider range of conditions, 
including different temperatures, densities, 
initial water contents, and soil types, to 
improve the general applicability of the sensor 
model. In addition, more sensors and 
repeated tests should be used to strengthen 
the robustness of a unified calibration 
equation and to assess its long-term reliability 
for monitoring of high plasticity clay. 
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Abstract
Monopiles supporting offshore wind turbines are subjected to cyclic lateral loads. This study
investigates the role of load symmetry on monopile–soil interaction in sand using physical
modelling and digital image correlation over 20,000 load cycles. Results show that, at identical
load amplitudes, load symmetry governs the transition between shakedown and ratcheting
behaviour. Balanced loading leads to stabilised, distributed deformation, whereas unbalanced
loading induces localised shear and progressive displacement accumulation. These findings
demonstrate that neglecting load symmetry may lead to unconservative predictions of long-term
performance, highlighting the need for symmetry-dependent design approaches.

Introduction
Monopile foundations are widely used to
support offshore wind turbines. During their
service life, the monopiles must resist lateral
cyclic loads from waves, winds, and tides.
However, the soil deformation mechanisms
responsible for displacement accumulation,
ratcheting, and shakedown behaviour under
cyclic lateral loading remain insufficiently
understood. Previously, Frick and Achmus
[1] attempted to track soil particles around a
pile under lateral cyclic loading. However, the
analysis was limited to 25 cycles due to
computational limitations. This study extends
the method and analyses images for 20,000
cycles at different symmetries.

Methodology

A servo-motor actuator, shown in Figure 1,
was used to apply lateral cyclic loads to a rigid
model monopile. The model was scaled from
a prototype typically used in the offshore wind
industry. The sand was poured around the
monopile using an automated sand pluviation
device described in Hung-Lo-Sang et al. [2].
During the loading tests, a high-resolution
camera was used to record soil displacement
around the monopile. Post-testing digital
image correlation by GeoPIV-RG was then
utilised to analyse the pile-soil interaction.

Figure 1: Experimental set-up
Table 1: Test schedule

Symmetry
࿁ൈ ള൒െ൝ 

(ഹټ
ള൒ൎ൓ 
(ഹټ

N f
(Hz)

One-Way 0 31.6 0 20000 0.5

Unbalanced -0.5 31.6 -15.8 20000 0.5

Balanced -1 31.6 -31.6 20000 0.5

Table 2: Monopile properties
Property Prototype 1-g
Ratio - 1 50
Diameter D 4 m 80 mm

Wall Thickness t 180 mm 7 mm

Embedment
Depth

Lem 18 m 360
mm

Load Eccentricity e 21.5 m 430
mm
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Table 3: Sand properties
Property Specification
Relative Density 26.7 %
ߟྗ

കണ 36.5 Degrees

D10,D50,D60 0.43, 0.50, 0.56 mm

emin, emax 0.729, 1.054 -
Gs 2.6 -

Results
Figure 2(a) shows the load histories for the
tests conducted. Although the maximum load
amplitude was set same, the accumulated
displacement increased systematically when
the load applied is more asymmetric.

Figure 2: (a). Load histories and (b). pile
displacement accumulation Vs. No of cycles

After 20,000 cycles, the accumulated pile
displacement was 10.4 mm, 11.8 mm and 3.2
mm for the one-way, unbalanced and
balanced loading cases respectively. The pile
displacement trends correspond closely with
observed soil deformation patterns shown in
Figure 3. Under balanced loading,
deformation was distributed more
symmetrically around the monopile,
promoting cyclic dilation–contraction and a
tendency towards shakedown behaviour. In
contrast, one-way and unbalanced loading
generated localised shear zones and
directional strain accumulation, resulting in
progressive ratcheting and continued
displacement growth throughout the test.
These highlight a critical limitation of
conventional monopile design methods,
which focus on pile capacity and load
amplitude, while neglecting load symmetry,
despite its effects on the soil response
mechanism. At equal load magnitude, load
symmetry governs the transition between
localised, unidirectional shear banding and
distributed cyclic shearing in monopile–soil
systems.

Figure 3: Soil displacement, volumetric and
shear strains at the 20,000th load cycle

Future work

Future work should focus on quantifying the
transition from shakedown to ratcheting as a
function of load magnitude, symmetry, and
high-cycle loading. Validation at a larger scale
through centrifuge testing is also needed to
confirm the observed mechanisms and
support implementation in design guidelines.
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Abstract  

Monopile foundations supporting offshore structures are subjected to long-term, biased lateral 
cyclic loading from wind and waves. The irregular loading histories can cause progressive 
accumulation of rotation and may govern serviceability performance. In modelling pile response 
under cyclic loading, these histories are reduced to bins of sinusoidal cycles through cycle-
counting methods. The widely used LeBlanc model for pile design adopts this approach, with the 
drawback that no unique simplification of the load time history exists. This work reformulates the 
LeBlanc model by replacing its explicit dependence on cycle counting with a single state variable,  
enabling extension to arbitrary loading histories. 

Introduction 
Over their operational lifetime, offshore wind 
turbine monopiles are subjected to millions of 
lateral load cycles. The cumulative effects of 
cyclic loading are critical for pile design, yet 
the problem, by its nature, is not as well-
defined as monotonic lateral loading problems. 
The term cyclic loading is typically used by 
industry to describe rather complex problems. 
In the laboratories, the term is conceived 
differently and refers to regular sinusoidal load 
cycles (Houlsby et al. 2020). Common design 
methods are based on low-fidelity theoretical 
models calibrated against regular load-cycle 
responses from laboratory tests, since these 
tests can be easily characterised (Fig. 1). 
Such tests bear little resemblance to the 
pseudo-random loading experienced in the 
field. Efficient design methods are needed 
that can [a] be calibrated using laboratory 
tests, but [b] generalise to the complexity of 
the field loading. The LeBlanc et al. (2010a) 
model is well-suited for problems of type [a]. 
This work seeks, through reformulation, to 
generalise the model to accommodate [b]. 

Methodology 
To predict accumulated rotation, LeBlanc et al. 
(2010a) introduced a functional relationship 
relating the stress magnitude, asymmetry and 
number of cycles to the accumulated rotation:  

 
Figure 1: Characterising observed behaviour of a 

monopile subjected to cyclic loading. 
ఏೝ
ఏೞ
= ௕ܶ ௖ܶܰ௠ഀ     (1) 

in which ߠ௥ is the accumulated rotation and ߠ௦ 
is the strain under monotonic loading up to the 
peak cyclic stress. ௕ܶ  is a function of the 
normalised peak cycle magnitude, while ௖ܶ is 
a function of the normalised cycle asymmetry. 
ܰ is the number of cycles applied, while  ݉ఈ 
is an exponent found to be around 0.3.  
LeBlanc et al. (2010b) extended Eq. (1) to a 
cycle-counting design model that accounted 
for sinusoidal loading packages through an 
iterative strain superposition procedure.  
Inverting Eq. (1) yields an equivalent cycle 
count for the current accumulated rotation: 

ܰ = [ ఏೝ
ఏೞ்್ ೎்

]
1
೘ഀ     (2)  
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Where ܰ is the number of sinusoidal cycles of 
a specific type that have produced the current 
accumulated rotation. Differentiating Eq. (1) 
by the cycle number, ܰ , and substituting ܰ 
with the equivalent cycle count from Eq. (2)  
defines an incremental LeBlanc version that 
eliminates dependence on cycle number, N: 

  ௗఏೝ
ௗே

= ௦ߠ] ௕ܶ ௖ܶ ]
1
೘ഀ��݉ఈ [ߠ௥]

೘ഀష1
೘ഀ    (3) 

 
Results  
The key finding of this work is that the LeBlanc 
model possesses a state-variable structure. 
Eq. (3) shows that the rate of accumulation 
depends only on the current rotation, ߠ௥. Thus, 
the accumulated rotation serves as a single 
state variable fully characterising the effects of 
prior history in the LeBlanc model. Practically, 
two piles with identical accumulated rotations 
are indistinguishable, no matter their previous 
loading history. 
As a separable differential equation, Eq. (3) 
also admits a linearisation that simplifies the 
procedure of strain superposition.   
An example of the implications of Eq. (3) is 
presented in Tab. 1 and Fig. 2. Sequences of 
tested loading regimes from LeBlanc et al. 
(2010b) are modelled, where the regimes are 
applied in increasing and decreasing order. 
Fig. (2) shows that the final accumulated 
rotation is unaffected by the loading order, in 
agreement with the test results reported in 
LeBlanc et al. (2010b). When a subsequent 
loading regime C is applied at the end, the 
response is independent of preceding loading. 

 
 

 

 

 

 

 

 

 

 

 

Table 1: Modelled load regimes A, B and C. 
 

Regime ܰ ௕ܶ ௖ܶ ߠ௦ (݀ܽݎ) 

A 104 0.055 1 0.45 × 10−3 
B 102 0.091 1 0.90 × 10−3 
C 10 0.135 1 1.60 × 10−3 

Future work  
Eq. (3) is still dependent on cyclic knowledge, 
since ߠ௦, ௕ܶ  and ௖ܶ  can only be characterised 
with full knowledge of the current load cycle.  
Ongoing work aims to identify a continuous 
function ݃, dependent on the applied moment 
 :௣, which obeysߠ̇ and the plastic strain rate ܯ

∫ ,ܯ)݃ ݐ݀�(௣ߠ̇ = ௦ߠ] ௕ܶ ௖ܶ]
1
೘ഀ

௧ಿ
0     (4) 

for any single cycle, where ݐே  is the period. 
Eqs. (3) & (4) form an intrinsic LeBlanc model: 
ௗఏೝ
ௗ௧

= �݉ఈ�݃(ܯ, [௥ߠ]  (௣ߠ̇
೘ഀష1
೘ഀ    (5) 

which is a first-order differential equation in 
time that generalises the LeBlanc model to 
arbitrary random loading history inputs. 
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 Figure 2: Envelopes of modelled pile rotation using Eq. (3) with ݉ ఈ = 0.3 plotted against 
the cycle number for an increasing and equivalent decreasing load sequence. 
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Abstract 

This paper presents an experimental framework, which was developed for directly obtaining the 
soil reactions acting on a laterally loaded monopile, using the novel model testing device (“pile 
segment testing device”) that was recently developed at the University of Oxford. A numerical 
study was carried out to assess the feasibility of the proposed framework and the testing device. 
The results of the numerical study demonstrated that the testing device is capable of yielding 
soil reaction curves, which can be implemented in a 1D finite element (OxPile) model to produce 
accurate predictions of the monotonic lateral load-displacement curves of full-scale monopiles. 
 
Introduction 
Monopile foundations of offshore wind 
turbines are subjected to a large number of 
lateral loading cycles over their design 
lifetime. Various experimental studies have 
explored the behaviour of monopiles under 
long-term lateral cyclic loading, but mostly 
with small-scale models in 1g conditions. 
Due to this, there is limited understanding of 
monopile behaviour under in situ stress 
conditions, which is crucial for the calibration 
of cyclic monopile design models. 

To address this, a novel pile segment 
testing device was developed by Malhotra 
and Byrne [1] at the University of Oxford. The 
device was designed to measure the soil 
reactions acting on laterally loaded mono-
piles under in situ stress conditions. As 
shown in Figure 1, the device consists of a 
50 mm diameter pile model embedded in soil 
inside a pressure chamber, an air cushion 
that applies vertical pressure to the soil, and 
actuators that apply displacements to the pile 
ends. The pile model represents a portion of 
a prototype monopile at a given depth, cor-
responding to the stress level applied in the 
device. A portion of a monopile is referred to 
as a “segment” in the following descriptions. 

This paper presents an experimental 
framework for directly obtaining a full set of 
Soil Reaction Curves (SRCs) from the device, 

which can be used to predict the lateral load-
displacement behaviour of full-scale mono-
piles. The framework is validated through a 
numerical study on the device. The current 
paper is concerned with monotonic loading 
conditions only. 

 
Figure 1: Pile segment testing device 

Methodology 
2.1 Proposed Experimental Framework 

A full-scale monopile of interest can be 
analysed by first dividing it into multiple 
segments of equal length (Figure 2a). Each 
full-scale segment is taken to correspond to 
a segment of the pile model in the testing 
device with the same depth-to-diameter ratio 
z/D. Considering this, the device can be used 
to obtain the soil reactions acting on each 
(ith) segment of the full-scale monopile, 
following the procedures outlined below. 
(1) Apply the vertical stress σ'v0,app to the soil 
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in the testing device (Figure 2b) that is equal 
to the initial effective overburden stress at 
the mid-point of the corresponding full-scale 
segment (σ'v0,i; Figure 2a). 
(2) Apply displacements to the pile model, 
consistent with the average displacement (vi) 
and rotation (ψi) of the full-scale segment. 
(3) Extract and normalise the SRCs from the 
ith segment of the pile model. 
(4) Repeat steps (1) – (3) for all segments, 
and input the normalised SRCs to the 1D 
finite element (OxPile) model to estimate the 
monotonic lateral load-displacement curve of 
the full-scale monopile. 

 
Figure 2: Framework for obtaining the SRCs 
of each full-scale pile segment from the pile 
segment testing device (5 segments).  

2.2 Example Numerical Study 

A numerical study was conducted using 
PLAXIS 3D to explore the feasibility of the 
proposed experimental framework. The study 
considers an example prototype monopile 
design with a diameter of D = 8.75 m and an 
embedment ratio of L/D = 3 (D2 monopile 
[2]), installed in Dunkirk sand with the relative 
density of Dr = 75%. The hardening soil 
model with small-strain stiffness (HSsmall 
model) [3] was adopted. 

Two numerical models were constructed: 
(1) Model of the prototype monopile to obtain 
benchmark results for the load-displacement 
curve; (2) Model of the testing device to 
obtain SRCs using the proposed framework, 
and therefore predict the load-displacement 
curve of the prototype monopile. 

Results 
The load-displacement curve, which was 
estimated using the SRCs from the testing 
device model and the proposed framework, 
closely approximates the curve that was 
directly extracted from the numerical model 
of the full-scale monopile. This suggests that 
the use of the SRCs from the pile segment 
testing device is feasible for accurately 
predicting the full-scale pile behaviour. 

 
Figure 3: Estimated lateral load-displacement 
curves of the prototype monopile. 

Future work 
An instrumented monopile model, equipped 
with Fibre Bragg Grating (FBG) sensors, will 
be developed to enable direct measurements 
of the soil reactions. A series of model tests 
will then be conducted on the instrumented 
pile and in situ soil, using the testing device 
following the proposed experimental frame-
work, to predict the behaviour of full-scale 
monopiles tested under field conditions. 
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Abstract  

The generalised moment-curvature relationship can be used to calculate bending moments from 
strain measurements of a pair of strain gauges in a laterally loaded pile, but this method has 
several shortcomings. A first principles approach allows moments and axial forces to be 
calculated and load profiles to be plotted, while also considering non-linear material behaviour 
and concrete cracking. This allows much more insight into the behaviour of the materials in the 
cross section, giving designers the opportunity to optimise future designs. 

 

Introduction 

Understanding the behavioural mechanism of 
geotechnical infrastructure is essential for 
optimised, cost-effective and practical 
design[1]. Instrumented infrastructure is an 
essential part of understanding these 
behavioural mechanisms. Earth Retaining 
structures instrumented with pairs of strain 
gauges can be used to calculate the loads in 
the structure[2-5]. 

The general moment curvature relationship 
can be used to calculate bending moments 
from a pair of strain gauges, but this has 
several shortcomings, including axial loads 
not being calculated, linear material behaviour, 
concrete cracking not being accounted for 
and load profiles not being plotted. Using a 
first principles approach addresses all these 
shortcomings of using the general moment-
curvature relationship to analyse strain results 
in the cross-section of a laterally loaded pile.  

Methodology 

A pair of strain gauges were installed at 
opposite sides of a reinforced concrete 

laterally loaded pile. The strain gauge results 
gave two distinct strain measurements which 
were used to calculate the gradient of strain 
across the cross section (known as 
curvature) as well as the y-intercept (known 
as the neutral axis). The general moment-
curvature relationship (equation 1) was not 
used due to the shortcomings discussed 
above, but rather a first principles method 
was used, discussed below. 

ࡹ = ࡵࡱ ∗  (1) ࣄ 

The cross section was divided into distinct 
horizontal slices, differentiating between 
concrete and steel. Each distinct area was 
assigned a strain value based on the 
curvature and proximity to the neutral axis. 
The strain was converted to stress using 
material models for concrete and steel were 
taken as those proposed by BS 8110[6]. Force 
could then be calculated using the slice areas, 
and moments taken about the centroid of the 
cross section.  

Results 

Figure 1 shows the calculated profiles of 
strain, stress, force and moment. The force 
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and moment profiles were summed across 
the entire cross section to get the total force 
and moment across the cross-section.  

 
Figure 1: Strain, stress, force and moment 
profile in the cross-section of a reinforced 

concrete laterally loaded pile. 

The conversion from strain to stress using a 
function rather than a fixed modulus of 
elasticity (E) allowed non-linear material 
behaviour to be considered, and taking 
moments about the centroid rather than using 
a fixed second moment of area (I) allowed 
changes in cross sectional area (due to 
concrete cracking). The addition of axial 
forces to the analysis of strain measurements 
and the plotting of the force and moment 
profiles gave additional insight into the 
behavioural mechanism of the pile. 

Future work 

Using this method for analysing strain 
measurements in geotechnical retaining 
structures will give additional valuable 
information about the behavioural mechanism 

of the structure, allowing design optimisations 
for future projects.  
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Abstract  

Re-entrant (convex) corners in braced excavations for basement construction lack detailed 
design guidance despite their ubiquity, leading to conservative designs or the use of 
computationally expensive finite element (FE) analyses. This study investigates strength and 
stiffness behaviour at re-entrant corners utilising analytical and numerical models to support 
more efficient designs for multi-stage braced excavations that include a re-entrant corner. 
 

Introduction 
Aside from preventing failure of soils or 
support systems in braced excavations, 
limiting wall deflections to ensure compliance 
with serviceability requirements set by 
standards such as those in Eurocode 7 [1] 
are important to the geotechnical engineer.  
While guidance exists for simple excavation 
geometries, real excavations frequently 
contain re-entrant (convex) corners due to 
spatial constraints, such as in urban 
environments where existing structures lie 
close to and can be affected by the 
excavation, intensifying the challenge of 
controlling deflections. Yet, design guidance 
for re-entrant corners is limited [2, 3], leading 
to the adoption of conservative support 
measures or computationally expensive FE 
modelling, often without assessing whether 
such measures are necessary to begin with. 
This study therefore aims to investigate 
deflection behaviour at re-entrant corners in 
braced excavations and evaluate potential 
strategies that are more efficient than simply 
defaulting to full-scale numerical simulations. 
The work will focus on typical multi-stage 
braced excavations and will combine 
analytical and numerical models to quantify 
and interpret movements. 
The study is linked to a PhD the first author 
started at Durham University in October 2025, 
and much of what is written below is planned 
rather than completed work. 

Methodology 

2.1 Analytical Modelling  

Analytical models are being developed using 
upper bound limit analysis [4] to assess 
strength at re-entrant corners. As corner 
behaviour is inherently three-dimensional, 
out-of-plane corner stiffness effects are 
incorporated instead of assuming plane 
strain, and the model focuses on a single re-
entrant corner with semi-infinite adjoining 
walls and a uniform excavation depth. 
For the analytical approach, soil is modelled 
using the Mohr-Coulomb constitutive model 
under small-deformation assumptions, and 
the output of the analytical model is the 
maximum surcharge that can be applied 
within close proximity to the re-entrant corner.    

2.2 Numerical Modelling  

A numerical model is under development 
based on an in-house, bespoke FE code 
written in the language Julia. Soil is 
represented by tetrahedral continuum 
elements with parameters typical to London 
Clay, while the retaining wall is modelled 
using wedge elements. Soil in the FE 
modelling is described using a combined 
Small Strain Overlay [5] and Drucker-Prager 
model to capture its non-linear elastic and 
plastic behaviour. Emphasis is placed on pre-
failure deformations, as these are most 
relevant to serviceability limit states, whereas 
post-failure deformations are excluded as 
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they do not represent acceptable design 
conditions. 
A geostatic state is initialised using a 
simplified K0 approach (Chapters 8 and 24 of 
[6]), and non-linear equilibrium for each 
excavation stage is obtained using a 
Newton-Raphson scheme (maximum 40 
iterations, tolerance 1×10-5). Boundary 
conditions consist of roller restraints on the 
vertical faces, a fully fixed base, and a free 
top surface. Excavation staging is 
represented by the sequential removal of soil 
layers within the excavated region and the 
activation of bracing levels in the 
corresponding layer, with struts modelled as 
axial springs and installed with their initial 
preloads. 
Mesh dependency checks are performed by 
progressively refining the mesh until the 
difference between current and preceding 
wall deflection profile fall  below 5%, through 
the use of point-wise differences across the 
profiles. The influence of the corner-
boundary proximity is assessed similarly. The 
numerical model will then be verified by 
reproducing published deflection curves for 
concave (<180°) corners, before being 
extended to 90° re-entrant corners and 
compared against available data. 

2.3  Parametric studies and evaluation 
strategies 

A structured parametric study will be 
conducted to identify the conditions under 
which the analytical predictions remain 
reliable. Considered parameters include re-
entrant corner angle, bracing spacing and 
arrangement, and the relative position of the 
corner within the excavation plan. Again, the 
resulting deformation profiles of these 
analyses will be compared against published 
data from real-world excavations to further 
assess the robustness of the numerical 
models.  
 
 
 
 
 

Future work 
The numerical models could be extended to 
include multiple re-entrant corner geometries, 
which are common in typical excavation 
layouts. An additional extension would be the 
incorporation of an optimisation framework to 
automate parameter selection and improve 
design efficiency, potentially integrating 
modern techniques such as machine 
learning. 
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Abstract  

Artificial Ground Freezing (AGF) has been extensively employed in underground projects for 
soft ground reinforcement and groundwater cutoff. This study developed an artificial freezing 
experimental facility based on an indoor soil tank that simulates groundwater flow conditions 
and conducted artificial freezing experiments under groundwater flow velocity conditions. The 
soil temperature distribution within the tank was measured following the operation of the 
freezing system and compared with the results of numerical analysis performed under the same 
conditions. 
 

Introduction 
Artificial Ground Freezing (AGF) is a 

construction method that freezes soft ground 
to increase ground stiffness and 
simultaneously ensure waterproofing and 
excavation stability(Sres, 2009); it is being 
actively applied in major developed countries 
such as Europe and the United States. The 
construction efficiency of AGF depends on 
the formation of continuous frozen walls. 
However, actual excavation sites always face 
uncertainty in the wall formation process due 
to the interaction of ground environmental 
conditions, soil properties, and spatial 
variability. In particular, groundwater flow has 
a highly sensitive impact on changes in the 
shape of frozen walls due to convective heat 
transfer and cold heat loss effects.  

To investigate these issues, this study 
developed an artificial freezing experimental 
facility based on an indoor soil tank that 
simulates groundwater flow conditions and 
conducted artificial freezing experiments 
under groundwater flow velocity conditions. 
The soil temperature distribution within the 
tank was measured following the operation of 
the freezing system and compared with the 
results of numerical analysis performed 
under the same conditions. 
 

Methodology 

The constructed soil tank freezing system 
consisted of a flow control device, a constant 
temperature water tank, a refrigeration chiller, 
and high-performance monitoring equipment. 
Multiple temperature sensors were installed 
inside the soil tank to monitor temperature 
changes by time and space during the 
freezing process (Fig. 1). 

 
Figure 1: Experiment setup 
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The model soil tank was constructed in the 
shape of a rectangular prism with dimensions 
of 0.205 m (W) × 0.600 m (L) × 0.290 m (H), 
and was designed to allow a constant flow 
rate of temperature-treated water to be 
uniformly injected from the bottom of the tank. 
Additionally, experiments were conducted 
under conditions of groundwater flow velocity 
and no flow velocity, and the formation of 
frozen walls and soil temperature distribution 
characteristics were compared under each 
condition. The parameters according to each 
experimental condition are summarized in 
Table 1. 

 

Table 1: AGF  

Groundwater 
Velocity 

Hydraulic  
gradient 

Initial  
soil temperature  

0 m/day 0 4 ℃ 
1.5 m/day 0.74 

 

Results and discussions 

Fig. 2 shows the results of comparing the 
frozen walls in the experiment and numerical 
analysis at the end of the freezing process. 
In the experiment without groundwater flow, 
the shape of the frozen wall developed into a 
relatively uniform form, whereas in the 
experiment with groundwater flow, the wall 
shape was thin at the bottom and 
asymmetrically thick at the top. Furthermore, 
the experiment and numerical analysis 
showed a high degree of agreement overall 
across the two different experimental 
conditions. This numerical analysis technique 

is expected to be utilized for evaluating the 
formation of frozen walls by linking field 
temperature monitoring data with numerical 
analysis when applying artificial freezing 
methods in future underground excavation 
projects in urban areas. 
 

 

Fig. 2. Comparison of Freezing Wall 
Boundary by Groundwater Flow 

Velocity (Experiment vs. Numerical 
Analysis) 
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Abstract  

A physics-informed neural network (PINN) was developed to predict per- and polyfluoroalkyl 
substances (PFAS) transport through landfill composite liners (a compacted clay liner overlaid by 
a geomembrane). The developed model was validated using the PFAS breakthrough and elution 
curve from a constant-flow column test with R2 = 0.996. The PINN prediction shows that PFAS 
concentrations below the composite liner with a geomembrane defect are lower than the 
maximum contaminant level of PFAS within 100 years, i.e., <0.14 vs. 4 ng/L. The developed open-
access PINN model can be used for evaluating potential PFAS leakage through landfill liners. 
 

Introduction 
Per- and polyfluoroalkyl substances (PFAS) 
have been extensively used in consumer 
products for decades worldwide. Many of 
these products is disposed in municipal solid 
waste landfills, accumulating thousands ng/L 
PFAS in landfill leachates. PFAS 
concentrations in landfill leachates are higher 
than PFAS maximum contaminant levels 
(MCLs) in drinking water in the US (4~10 
ng/L), raising concerns about PFAS leakage 
through landfill composite liners (e.g., a clay 
liner overlaid by a geomembrane). To assess 
the potential leakage, a tool to predict PFAS 
transport through liners is highly desired.  
Physics-informed neural networks (PINNs) 
have been emerging as a powerful tool for 
predicting contaminant transport, which 
incorporates partial differential equations 
(PDEs) to solve forward and inverse problems. 
PINNs evaluate the loss functions not only for 
observations but also for the derivatives from 
PDEs using NNs to effectively utilize data [1].  
This work trained a PINN model using the 
PFOS transport data from a column test [2] 
and applied the model for predicting PFAS 
transport through landfill composite liners. 

Methodology 
2.1 Computational model 

Advection-diffusion equation is used to 

describe PFAS transport in porous media, 
including clay liner and subgrade: 

�

��

� + (1 − �)	�


��

� + �∇�� −�∇

��� = 0 (1) 

where Cl is the PFAS concentration in the 
aqueous phase, Cs is the amount of PFAS 
adsorbed to the solid phase,  is the porosity 
when the porous media is saturated, s is the 
density of the solid phase, t is elapsed time, D 
is the PFAS diffusion coefficient, and v is the 
Darcy velocity. The adsorption of PFAS to 
solid phase can be described using the 
nonlinear Freundlich isotherm. Pure diffusion 
is applied to describe PFAS transport through 
geomembranes (GM) based on Tan [3]. 
2.2 PINN 

A PINN model was built to solve the PDEs as 
described above along with the specific 
boundary and initial conditions. The neural 
network was constructed with a series of 
weight matrices and bias vectors generated 
from the PDEs. The neural network was 
trained to minimize the loss functions that 
quantified the differences between the 
predicted values and the observations or the 
derivatives. More details about PINN 
implementation can be found in Feng et al. [4]. 
Results 
3.1 Model Validation 

The developed PINN model was used to 
predict PFAS transport through a saturated 
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sand column. The sand was pumped with 
0.27 mg/L PFOA solution, followed by a 
PFAS-free solution to elute the PFOA, all at a 
constant flow rate, by Garza-Rubalcava [2].  
PINN predicted PFOA concentrations in the 
effluents are shown in Fig. 1. The predicted 
concentrations are in good agreement with 
the measurements (R2 = 0.996). A finite-
element modeling (FEM) was also conducted 
to predict the PFOA transport, with a R2 of 
0.991. PINN shows a better prediction than 
FEM between 1000 and 1800 min.  

 
Figure 1: Predicted PFOA concentrations in 

the effluents of the column test 
3.2 PFAS transport through composite liner 

The validated PINN model was extended to a 
10-m-wide landfill composite liner with a GM 
defect at the left side of the GM edge. An 
axisymmetric boundary was applied to the left 
side of the domain. Three layers of 
components were simulated, including a GM 
with a defect, a saturated compacted clay 
liner (CCL), and an unsaturated subgrade. 
Groundwater table (GWT) was included in the 
subgrade, which was set at 1.5 m below the 
CCL. PFAS concentration in landfill leachate 
was 1000 ng/L, and leachate head was 0.3 m. 
The geometry of the domain and transport 
parameters can be found in Tan [3,5]. 
The predicted PFAS concentration distribution 
at the GWT after the service of 100 years are 
shown in Fig. 2. The PFAS concentration 
below the defect is elevated but sharply 
decreases away from the defect. At 100 years, 
PFAS at the GWT accumulate to the 
maximum concentration, which is still lower 
than the MCL, i.e., <0.14 vs. 4 ng/L. The 
prediction suggests that landfill composite 

liners are effective in containing PFAS.  

 
Figure 2: PINN predicted PFAS 

concentrations at the GWT at 100 years 
Future work 
In the future, the developed PINN model will 
be trained using different liner material 
properties and boundary conditions. The 
trained model will be used as an open-access 
tool for the industry to estimate the potential 
PFAS leakage risk of landfills.  
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Abstract  

Tunnel excavation can induce ground movements that deform adjacent buildings, with the 
interaction influenced by soil conditions, tunnel geometry, and structural stiffness, requiring 
advanced numerical methods to consider these factors simultaneously. This study proposes an 
alternative approach, developing a surrogate model using an artificial neural network (ANN) to 
enable quick estimates of building settlement profiles caused by tunneling. The model is trained 
on numerical simulation data, and its performance is evaluated systematically. The ANN shows 
strong agreement with the reference finite element (FE) results, demonstrating its potential as a 
fast and reliable tool for preliminary assessment of tunnel-induced building settlement. 
 

Introduction 
Building–tunnel interaction has been widely 
studied with finite element (FE) analysis [1-2]. 
However, traditional analyses restrict the 
range and combination of variables that can 
be evaluated. Key factors such as soil 
stratigraphy, stiffness variation, and 
tunnel-induced volume loss are often 
simplified due to high computational demands. 
Surrogate modelling offers an efficient 
alternative by accommodating extensive 
parameter combinations and capturing 
nonlinear soil–structure relationships. Once 
trained, such models can rapidly predict 
tunnel-induced building settlement profiles, 
reducing reliance on repeated FE simulations 
and supporting fast, reliable preliminary 
assessments. This study develops and 
evaluates an artificial neural network (ANN) 
surrogate model trained on 2,000 numerical 
cases to predict building settlement profiles 
induced by tunnelling.  

Methodology 
The reference model adopted a typical 
London stratigraphy with Made Ground (MG), 
River Terrace Deposits (RTD), London Clay 
(LC), Lambeth Group Clay (LGC), Lambeth 
Group Sand (LGS), and Thanet Sand (TS). 
The pore water pressure profile adopted 
hydrostatic condition with water table set to be 

at the top of LC. Variations in 10 parameters 
were considered in the database, their 
adopted variation ranges are shown in Table 
1. The tunnel depth was varied using a 
variable ܴ  to apply realistic constraints 
associated with tunnelling in London. The 
relationship between tunnel depth ܼ଴  and ܴ 
is: 

ܼ଴ = ௠௔௫ܪ + 2/ܦ + ܴ ∙  ோ (1)ܪ
௠௔௫ܪ = max{H + 0.5, 8} (2) 
ோܪ = ܪ + 27.3 − ௠௔௫ܪ − ܦ − 0.5 (3) 

The Latin Hypercube Sampling (LHS) method 
was adopted to generate 2000 space filling 
samples. The synthetic dataset was divided 
into training (70%), testing (20%) and 
validation (10%) datasets. Settlement troughs 
of the building from the end of tunnel 
excavation were extracted from FE analysis 
results with 401 equally spaced points taken 
from each trough. The validation dataset was 
employed to assess the performance of the 
ANN model during training. The testing 
dataset was used after training to evaluate the 
model’s final configuration. 
A feed-forward ANN, constructed with the 
package Keras, was trained to predict building 
displacement given the relative position ܤ/ݔ 
within the building (where ݔ  is the distance 
from the point on the left end of the building 
and ܤ is the building width) and the ten inputs 
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listed in Table 1. The ANN adopted the Adam 
optimizer, ReLU activation for all hidden 
layers and linear activation for output layer. 
The architecture (layers and neurons) and the 
learning rate were tuned through an extensive 
search of hyperparameter combinations. To 
prevent overfitting, early stopping was applied 
such that training stopped after 10 epochs 
without improvement on the validation loss. 

Table 1: Varying parameters and ranges 
 Lower bound Upper bound 

SD thickness, 2 ܪ m 14 m 

MG relative 
thickness, ܪଵ ⁄ܪ  

0 1 

MG stiffness, ܧ௥௘௙
ᇱ  3 MPa 25 MPa 

RTG stiffness, ܩ௥௘௙  41939 kPa 87352 kPa 

Tunnel diameter, 2 ܦ m 12 m 

Tunnel depth 
variable, ܴ 

0 1 

Relative 
eccentricity, ݁/ܤ 

0 1 

Building width, 16 ܤ m 120 m 

Tunnel volume 
loss, ௅ܸ 

0.5 % 3.3 % 

Building stories, ݉ 1 10 

Results 
Figure 1 illustrates regression plots where the 
displacement predicted by the surrogate 
model is plotted in the vertical axis against the 
numerical results for the testing dataset. The 
data points generally plot in a narrow band 
around the solid black line, which represents 
a perfect match, signifying a good overall 
performance of the surrogate model. The 
mean absolute error (MAE) of the surrogate 
prediction was calculated for the whole 
settlement trough of each of the cases in the 
testing dataset. These 400 MAE values were 
ranked from high to low, and different 
percentile cases were picked out, in which the 
predicted building settlement troughs were 
plotted against the numerical results in Figure 
2. The predicted troughs shape and 
magnitude exhibit a close agreement with the 
numerical results which further demonstrates 
the generalization ability of the trained 
surrogate. 

Future work 
Future work will extend this study to building 
deformation influenced by tunnels in the 
presence of deep foundations, such as piles. 
These systems involve more complex soil–
structure interaction and require more 
advanced modelling strategies.  

 
Figure 1: Regression plot of testing dataset 

 
Figure 2: Numerical vs surrogate predicted 

building settlement trough of different 
MAE percentiles for testing dataset 
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Abstract  
This work presents a surrogate-based framework for predicting the thermal behaviour of thermo-
active pile groups by combining predictions from two single-pile surrogate models within the 
interaction formulation from Liu & Taborda [1]. The approach reconstructs group-scale power 
output and thermal response without requiring direct pile-group surrogate training. Results show 
good agreement with reference numerical data for corner, edge, and centre piles, capturing the 
main interaction effects. The methodology provides a computationally efficient alternative to full 
numerical simulations while preserving physical consistency, demonstrating potential for practical 
design and assessment of thermo-active pile groups. 
 

Introduction 
Thermo-active structures are increasingly 
used in low-carbon urban infrastructure by 
integrating heat-exchange systems within 
foundation elements such as piles or walls, 
enabling buildings to utilise the ground as a 
heat source or sink. In practice, thermo-active 
piles are typically installed in groups, where 
thermal interaction between neighbouring 
elements leads to overlapping temperature 
fields. Consequently, the behaviour of a pile 
group cannot be inferred directly from that of 
a single pile without accounting for these 
interaction effects [2]. A practical methodology 
for addressing this problem has been 
proposed [1], where pile-group response is 
obtained from single-pile thermal quantities 
using interaction factors and temporal 
superposition. In the present study, the 
objective is to evaluate whether surrogate-
derived responses can reproduce group 
behaviour with accuracy, providing a 
computationally efficient alternative for group-
scale thermal assessment. 

Methodology 
A 900 mm diameter pile is considered in a  
3 × 3 group with a spacing factor of 4  
(i.e. 3600 mm between pile axes). Each pile is 
20 m long and equipped with a double U-loop 
heat exchanger formed of 26.2 mm diameter 

pipes. The soil and concrete thermal 
conductivities are 1.8 W/mK and 2.3 W/mK, 
respectively, the initial ground temperature is 
20 °C, and the fluid velocity is 0.19 m/s. The 
inlet temperature is transient, combining 
annual and monthly cycles and is defined as 
୧ܶ୬(ݐ) = 20 + 20 sin(2ݐߨ௔) + 10 sin(2ݐߨ௠) [°C] 

where ݐ௔ = ݐ 360⁄  and ݐ௠ = ݐ 30⁄ .  
The proposed workflow begins with the 
single-pile power response, ୱܲ୧, obtained from 
the power output surrogate. Since the 
surrogate is trained under constant inlet 
temperature differences, its output is 
interpreted as the response to a step change 
in thermal loading. To account for a time-
varying inlet temperature, the signal is 
discretised into a sequence of incremental 
changes. Each increment is treated as a small 
step in thermal loading, generating a delayed 
power response with the same shape as the 
surrogate prediction. The transient single-pile 
response is then reconstructed by summing 
the contributions of all increments over time, 
following Duhamel superposition. The group 
power, ௜ܲ,୥୰, is subsequently computed using 
the thermal interaction factor for power (ܶܨܫ௉) 
to each increment and combining the 
contributions through temporal superposition. 
The second surrogate provides the single-pile 
wall g-function, Φୱ୧ . The group g-function is 
obtained using the interaction factor for g-
functions (ܶܨீܫ ). Finally, the group power and 
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g-function are combined to compute the 
average pile wall temperature change for 
each pile category in the 3 × 3 group: 

Δ ௪ܶ(ݐ௡) = ෍
(௞ݐ)ܲ
௦௢௜௟݇ߨ2

௡

௞ୀଵ

[Φ௚(ݐ௡ − (௞ିଵݐ − Φ௚(ݐ௡ −  ௞)] (1)ݐ

Results 
The surrogate-based framework reproduces 
the pile-group response with good agreement 
with reference numerical data. Figure 1 shows 
the predicted power histories for the corner, 
centre and edge piles. The agreement 
remains strong over the full-time range, 
including short-period oscillations and 
seasonal trends. 

 
Figure 1: Surrogate-estimated and numerical 
power output for piles of the 3x3 group. 
 
Figure 2 shows the resulting pile wall 
temperature changes obtained by combining 
the surrogate-derived power and g-function 
through temporal superposition. The 
predicted responses reproduce well both the 
amplitude and phase of the numerical trends 
across all pile positions. Minor deviations are 
observed at later times, particularly during 
periods of maximum heating and cooling. The 
overall agreement remains strong, showing 
that the surrogate framework provides a 
reliable prediction of the full thermal response. 

 
Figure 2: Wall temperature increase 
estimation for all pile locations in 3x3 group. 

Future work 
Future work may focus on developing 
surrogate models for other heat exchanging 
structures. 

Acknowledgements 
This work was supported by NERC under 
grant NE/S007415/1 and by SaFEGround, a 
project funded by EPSRC (EP/V042149/1). 

References 
[1] Liu, R. Y. W., & Taborda, D. M. G. (2024a). 
A methodology for incorporating thermal 
interference in the design of thermo-active 
pile groups. Geomechanics for Energy and 
the Environment, 39(October 2023), 100575. 
https://doi.org/10.1016/j.gete.2024.100575 
[2] Liu, R. Y. W., & Taborda, D. M. G. (2024b). 
The effects of thermal interference on the 
thermal performance of thermo-active pile 
groups. Renewable Energy, 225(March), 
120357. 
https://doi.org/10.1016/j.renene.2024.12035 

50



 
The 18th Young Geotechnical Engineers Symposium (YGES2026) 

GPU-accelerated 3D finite element analysis of monopile foundations 
with the SANISAND-MS constitutive model 

Max R.F. Bowman*1, Harvey J. Burd2 and Wes Armour3 
1, 2, 3 Department of Engineering Science, University of Oxford, UK 

(E-mail: max.bowman@eng.ox.ac.uk, harvey.burd@eng.ox.ac.uk, wes.armour@oerc.ox.ac.uk) 

Abstract  

The current work investigates the use of graphics processing units and high-performance 
computing to expedite the 3D finite element analysis of monopile foundations for offshore wind 
turbines. The SANISAND-MS constitutive model is employed as a representative advanced soil 
model. Computational performance is benchmarked against the commercial software PLAXIS 
3D. A speed-up of 54x is achieved using high-performance hardware, challenging the prevailing 
view that 3D finite element analysis necessarily requires lengthy runtimes.      

Introduction 
Monopiles, comprising a hollow steel tube 
driven into the seabed, are the most common 
foundation type for offshore wind turbines. 
Properly calibrated 3D finite element analysis 
(3DFEA) is widely regarded as the most 
accurate method for analysing monopile 
foundations under static monotonic loading. 
3DFEA is routinely used for design 
verification and to calibrate simplified models. 
Its primary limitations are computational 
expense and the complexity required to 
produce and interpret a well-calibrated 
analysis.  
The current work investigates expediting 
3DFEA using graphics processing units 
(GPUs) and high-performance computing 
(HPC). Expedited 3DFEA could reduce 
reliance on simplified models and streamline 
design workflows.  

Methodology 
An implicit modified Newton-Raphson 
scheme is employed. The governing 
computational costs arise from global 
stiffness matrix assembly, linear system 
solution, and constitutive model integration.  
The stiffness matrix is stored in sparse 
format. The structure of the sparse matrix is 
mapped in the pre-processing stage, 
meaning the values can be efficiently 
updated throughout the analysis. NVIDIA’s 
cuDSS library is used to directly  
solve the sparse global system of equations. 

The SANISAND-MS [1] constitutive model is 
employed, representing a computationally 
demanding soil model.  GPUs are optimised 
for performing many tasks in parallel; 
constitutive model integration is therefore 
well suited to GPUs as the updates carried 
out at each Gauss point are entirely 
independent. A small number of Gauss 
points (e.g. with stresses near the apex of 
the yield surface) require many sub-steps 
during the integration process; these Gauss 
points are offloaded to the CPU, which is 
better suited for performing a small number 
of complex sequential tasks.  

 
Figure 1: Typical finite element mesh for a 

monopile foundation 
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A typical finite element model of a monopile 
foundation is shown in Figure 1. The base of 
the domain is fully fixed, and the radial 
boundaries are horizontally restrained. 
Symmetry is exploited to halve the modelled 
domain. The pile extends above the seabed 
to enable application of lateral loading at an 
eccentricity that is representative of offshore 
conditions. The pile geometry in this work is 
D=10m, L/D=4, D/t=110 and h/D=5, where D 
is the external diameter, L is the embedded 
length, t is the wall thickness, and h is the 
height of the lateral load above the seabed. 
SANISAND-MS parameters calibrated for 
Dunkirk Sand are employed [2]. The pile-soil 
interface is modelled as fully tied. 
The software (hereafter referred to as GPU-
3DFEA) is compared to PLAXIS 3D 2025.1. 
Mesh properties adopted following a 
convergence study are summarised in Table 
1. The current work employs 20-noded solid 
hexahedral elements for the pile and the soil. 
PLAXIS uses 10-noded solid tetrahedral 
elements for the soil and 6-noded shell 
elements for the pile. It is expected that the 
number of soil gauss points will govern the 
runtime; effort is made to ensure these are 
similar for both analyses. 
Table 1: Mesh characteristics. Soil element 

and Gauss point counts are in brackets. 

Software Elements 
(soil) 

Nodes Gauss points 
(soil) 

PLAXIS 10950  
(10351) 15840 43201 

(41404) 

GPU-
3DFEA 

5340 
(5050) 23973 42970 

(40650) 

Results 
Close agreement between the load-
displacement response of PLAXIS and GPU-
3DFEA is shown in Figure 2.  
Run times are compared in Table 2 for a 
range of hardware. Desktop hardware 
comprises an Intel i7-14700 CPU and an 
NVIDIA RTX 4060 GPU (not used by 
PLAXIS). HPC hardware comprises an Intel 
Gold 6342 CPU (using 16 cores) and an 
NVIDIA H100 GPU. On comparable 
hardware the GPU-accelerated software 

achieves a 21.6x speed-up relative to 
PLAXIS. The total speed-up using HPC 
hardware is 54.0x.  

 
Figure 2: Comparison of the lateral load - pile 

head displacement response  
Table 2: Run times for the software and 

hardware combinations 
Soft-
ware 

Hard-
ware 

Asse-
mbly 

(s) 

Solve 
(s) 

Const. 
model 

(s) 

Total 
(s) 

PLAXIS Desktop - 199 3953 4536 
GPU-

3DFEA Desktop 9 61 137 210 

GPU-
3DFEA HPC 1 5 76 84 

Future work 
Additional constitutive models and interface 
elements will be added to the GPU-3DFEA 
software. Application to farm-wide design will 
be demonstrated with representative layered 
soil profiles. Currently, 3DFEA of cyclically 
loaded monopiles is limited to approximately 
100 load cycles; strategies to extend this will 
be investigated. Use of HPC hardware may 
require performing 3DFEA in the cloud; 
methodology to enable this will be developed. 
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Abstract  
This study investigates heat migration in sand under radiative heating using centrifuge modelling. 
Tests were conducted at 20g and 40g to replicate prototype stress conditions and investigate 
associated heat transfer behaviour. A sand column instrumented with thermocouples was 
subjected to cyclic infrared heating. Results show a decrease in temperature with depth, with 
strong near-surface gradients. Soil temperatures were consistently higher at 20g than at 40g, 
despite higher air temperatures at 40g. This is attributed to differences in heat input scaling. The 
findings suggest that while N² thermal diffusion scaling is appropriate for the soil mass, it may not 
fully capture air temperature response under radiative heating. 

Introduction 
Understanding heat transfer in soils is 
essential for applications such as energy 
geostructures, buried infrastructure, and 
environmental geotechnics. However, in 
reduced-scale physical models, testing at 1g 
cannot reproduce prototype stress conditions 
with a soil mass. Centrifuge modelling 
overcomes this limitation by applying elevated 
acceleration to a scaled model, thereby 
replicating prototype stress levels. It also 
enables time-dependent physical behaviour 
to be investigated over compressed model 
timescales, allowing longer prototype 
response periods to be studied within 
practical test durations. 
Previous studies have predominantly 
examined conduction-dominated heat 
transfer, with comparatively little attention 
given to centrifuge tests involving radiative 
surface heating. This study investigates the 
thermal response in saturated sand subjected 
to radiative heating in a geotechnical 
centrifuge. The analysis focuses on how 
acceleration level affects temperature 
distribution and on whether the resulting 
thermal response follows established 
centrifuge scaling laws for thermal processes.  

Methodology 
The experimental setup consisted of two 
acrylic tubes 87 mm diameter and 200 mm 
high. The columns were filled with sand at  

 
75% relative density. The sand had an 
average grain size of 148 µm, with maximum 
and minimum dry densities of 1710 kg/m³ and 
1350 kg/m³, respectively. In this study, only 
results from sand column 2 are discussed. 
Seven thermocouples were positioned along 
the column’s centreline at vertical positions of 
5, 10, 20, 30, 50, 100, and 195 mm beneath 
the soil surface, with an additional 
thermocouple located above the column. A 
150 W infrared lamp provided radiative 
heating to the top surface, ensuring 
predominantly one-dimensional heat transfer. 
The lamp was cycled on and off at 
predetermined intervals to simulate seasonal 
temperature fluctuations. The system was 
enclosed within a strongbox with a top plate to 
eliminate airflow effects, as shown in Figure 1.  

 

Figure 1: Sand column centrifuge test set-up  
The sand column was saturated by circulating 
water from the bottom to the top through a 
drainage valve located at the base. Tests were 
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conducted at 20g and 40g. The 20g test was 
run for 108 minutes, simulating 30 days at 
prototype scale, with the lamp cycled on and 
off every 108 seconds to represent diurnal 
variation. The 40g test ran for 27 minutes, 
also simulating 30 days, with heating cycles of 
27 seconds. For data interpretation, 
established scaling laws were used, with 
length and diffusion time being scaled by 1/N 
and 1/N² respectively [1,2]. 

Results 
Air and soil temperature variations with time 
are shown in Figure 2. The results indicate a 
diurnal air temperature fluctuation of 
approximately 13 °C for both tests. Over the 
30-day prototype period, the 40g test shows a 
sharper increase in average air temperature 
compared to the 20g test, suggesting that the 
assumed time-diffusion scaling may not fully 
capture the air temperature response above 
the soil surface in this system. 
Within the soil, temperature increases are 
most pronounced near the surface and 
attenuate with depth over the 30-day 
prototype period. At a depth of approximately 
0.2 m, the overall temperature increase is 
around 20 °C and 15 °C in 20g and 40g tests, 
lower than that observed in the air. While at 
depths greater than 2 m, temperature 
changes remain less than 5 °C. 
To compare the spatial temperature 
distributions for the two tests, Figure 3 
presents the temperature as a function of 
depth at different time steps. The results show 
that, while trends of temperature variation with 
depth are similar in both tests, temperatures 
in the 20g case are consistently higher than 
those at 40g, despite higher air temperatures 
at 40g. This discrepancy may be due to 
identical heat input being applied in both tests. 
Previous studies suggest that heat input 
should be scaled by N, which would likely 
increase air temperature differences (Figure 
2a) but produce more comparable soil 
temperature profiles. 
The results presented in this paper indicate 
that, while the N² scaling law for thermal 
diffusion provides a reasonable description of 
heat transfer within the soil mass, it does not 
fully capture the air temperature response, 

particularly under radiative heating conditions. 

 
Figure 2. Temperature variation with time 

 

Figure 3. Temperature variation with depth  

Future Work 
Future research should focus on scaling heat 
input to ensure accurate simulation of thermal 
processes in centrifuge modelling.  
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Abstract  

Coastal cliff instability is an escalating geohazard along England and Wales, with climate change 
introducing failure mechanisms beyond conventional wave action, including thermally driven 
strength reduction, desiccation cracking, and instability induced by cyclic suction changes. This 
study aims to combine advanced numerical modelling using ICFEP with bespoke thermo-hydro-
mechanical constitutive models, non-invasive muon tomography for internal cliff characterisation, 
and advanced element testing across varying temperatures and saturations. Anticipated 
outcomes include quantification of climate-driven strength degradation and identification of 
dominant failure mechanisms, providing a geotechnical-based framework for updated coastal risk 
assessment. 
 

Introduction 
Coastal cliff instability is a widespread and 
escalating geohazard along the coastline of 
England and Wales. Of the estimated 
6,251 km of coastline, approximately 53% 
comprise cliffs that are actively subject to 
coastal erosion and subsequent instability [1], 
with some locations among the fastest 
retreating in Europe. 
This coastline includes historical failures such 
as the Folkestone Warren landslide and its 
effects on the main Folkestone to Dover 
railway line. This landslide has caused 
numerous railway disruptions, most notably 
during the slips of 1877, 1896, and 1915. 
Stabilisation techniques, including lowering 
the phreatic surface and erosion protection, 
failed to stabilise the 1.5 million m3 of unstable 
soil [2]. Additionally, the Ventnor landslide 
complex on the Isle of Wight highlights the 
scale of the problem. In 2023, significant 
ground movements involving approximately 
14 million m3 were recorded following a period 
of prolonged wet weather and stormy seas. [3]. 
Historically, coastal cliff instability has been 
studied primarily in relation to wave-driven 
erosion during large storms, which causes 
undercutting at the cliff toe, removal of basal 
support, and subsequent mass failure. 
However, this is increasingly recognised to be 
part of the problem. Recently, the focus has  

 
shifted to climate change as a dominant driver 
of future failure risk. The National Coastal 
Erosion Risk Mapping (NCERM) projects that 
up to 100,000 properties could be in at-risk 
areas by the end of this century. [4]. 
These changes in climatic conditions affect 
soil behaviour in several important ways. 
Elevated temperatures can alter the apparent 
pre-consolidation pressure of the soil, as 
shown by [5] (Fig. 1), thereby influencing its 
strength. Repeated drying and wetting cycles 
also affect soil suction, which can contribute 
to instability, particularly under more extreme 
temperature conditions. In addition, 
desiccation cracking creates further pathways 
for deterioration and can promote failure 
mechanisms within the soil mass [6]. 

 
Figure 1: Clay pre-consolidation 
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This research aims to investigate the stability 
of these coastal structures using specialised 
investigation tools. 

Methodology 
To expand the understanding of the stability of 
these coastal structures, two investigation 
methods will be used. 
Conventional constitutive models do not fully 
capture the coupled thermo-hydro-
mechanical behaviour of partially saturated 
cliff materials under cyclic climatic loading. To 
address this, numerical modelling will be 
performed in the Imperial College Finite 
Element Program (ICFEP) using bespoke 
constitutive models developed for 
unsaturated, thermally sensitive, and 
cyclically loaded behaviour [7]. 
In addition, conventional site investigation 
methods (such as boreholes and CPTu 
testing) are unsafe on metastable coastal 
cliffs, leaving the internal structure of the most 
hazardous sites uncharacterised. Therefore, 
muon tomography will be deployed as a non-
invasive site characterisation tool. Cosmic-ray 
muons penetrate deep into geological 
materials and are attenuated in proportion to 
density [8], potentially enabling the 
reconstruction of the internal cliff structure. 
These investigation methods will be 
complimented by advanced element testing 
investigating the behaviour of the coastal cliff 
material at various saturations and 
temperatures. 

Anticipated Results 
While the project is at an early stage, the 
combined methodology should yield several 
key outcomes. Numerical analyses under 
current and projected climate scenarios will 
help identify the dominant failure mechanisms 
affecting UK cliff lithologies, including rainfall-
induced, thermally driven, and wave-driven 
processes. Laboratory testing will quantify 
strength reduction as a function of 
temperature and saturation cycles, 
complementing the numerical analyses. Muon 
tomography surveys at target cliff sites will 
also assess the feasibility of the technique for 
non-invasive internal characterisation of 

metastable slopes, including the identification 
of density variations that are not detectable in 
surface surveys. Together, these outputs will 
provide an evidence base for updated risk 
assessment frameworks that account for the 
full spectrum of climate-driven failure 
mechanisms, a capability currently absent 
from UK coastal management practice. 

References 
[1] Moore, R., Davis, G., (2015). Cliff instability 

and erosion management in England and 
Wales, J. Coast. Cons., 19, pp. 771-784. 

[2] Warren, C.D., (2022). The Folkestone 
Warren Landslide. 

[3] Manteth, T., (2024). Isle of Wight on alert 
for further ground movement after biggest 
landslide in 20 years, New Civil Engineer. 

[4] Env. Agency, (2025). National Assessment 
of Flood and Coastal Erosion Risk in 
England, Gov.uk. 

[5] Kirkham, A., Tsiampousi, A., Potts, D.M., 
(2021). Thermo-mechanical behaviour of 
a kaolin-based clay soil, Géotechnique, 
74, pp. 1742-1751. 

[6] Wang, Y., Zhang, Q., Zhang, S., Zhong, H., 
Ng, C.W.W., (2025). Investigation of 
temperature effects on slope 
serviceability and subsequent rainfall-
induced instability, Acta Geotech., 20, pp. 
4199-4212. 

[7] Pico, M., Mašín, D., Fuentes, W., (2024). 
Coupled hydro-mechanical hypoplastic 
model for partially saturated soils under 
monotonic and cyclic loading, Acta 
Geotech., 19, pp. 7049-7073. 

[8] Bressler, M., Goodwin, L., Kryemadhi, A., 
(2017). Cosmic-ray topography, Am. J. 
Phys., 85 pp. 840-843. 

58



The 18th Young Geotechnical Engineers Symposium (YGES2026)  

Particle Crushing in Glauconitic Sand Under Cyclic CPTu Loading  

A. Rodríguez Piedrabuena*1, D. A. de Lange2, M. Mento3 and M. Konstantinou4 
1, 2, 4 Energy and Underground Infrastructure, Deltares, the Netherlands 

(E-mail: Alba.RodriguezPiedrabuena@deltares.nl, Dirk.deLange@deltaresn.nl, 
maria.konstantinou@deltares.nl) 

3 Geotechnical Engineering, IQIP,  the Netherlands 
(E-mail: mento@iqip.com)

Abstract 

This study investigates particle crushing during displacement-controlled cyclic penetration in 
glauconitic sand (13% glauconite content) using calibration chamber tests conducted at two 
loading frequencies. The aim is to evaluate the spatial extent of crushing and to examine the 
possible mechanism governing its propagation beyond conventional influence zones by linking 
the cyclic penetration response to the observed geometry and characteristics of the recovered 
crushed soil bulb. 

Introduction  
Research on jacked penetrometers in 
calibration chamber tests on silica sands 
indicates that particle crushing is typically 
localised near the penetrometer tip where 
extreme normal and shear stresses develop 
during penetration [1,2,3]. This crushing 
changes the soil grain-size distribution, with 
direct implications for tip resistance 
mobilisation and overall foundation 
performance [2,3]. During jacking, sand 
particle contraction resulting from crushing, 
leads to stress relaxation and potentially 
reducing structural resistance [1,2]. Advanced 
image methods used during jacking of 
penetrometers show that crushing is often 
confined to narrow shear bands immediately 
beneath the tip [4]. Under high-amplitude 
cyclic loading, the affected zone in silica 
sands is typically limited to about 0.4 
penetrometer diameters below the tip [4]. In 
contrast, the present study identifies crushed 
glauconitic sand at depths up to 3.1 cone 
diameters after displacement-controlled cyclic 
loading of a penetrometer and explores a 
possible crushing mechanism to account for 
the deep propagation of crushed material. 

Methodology 
The sand fraction of glauconitic sand from the 
Kattendijk formation (~13% glauconite 
content) was tested in fully saturated samples 
at 75 % relative density [5]. A CPTu test with 
a 16 mm diameter (D) cone was conducted 
under vertical and horizontal effective 

stresses of 200 kPa and 100 kPa. After 
monotonic penetration to 400 mm reaching 36 
MPa, two displacement-controlled cyclic tests 
with half-amplitude of 5 mm (Δwcyclic) were 
performed at 0.1 Hz (Test 1) and 1 Hz (Test 2). 

Results 
Cyclic loading produced a bulb-shaped zone 
of crushed particles beneath the cone tip, 
extending 50 mm (3.1D) below and 40 mm 
above it, fully surrounding the tip and partially 
the friction sleeve (Figure 1). Excavation also 
revealed crushed material adjacent to the 
probe. The increased plasticity and fines of 
the crushed soil (Figure 2) enabled recovery 
of the intact bulb comprising a 60 mm-
diameter spherical section with a 35 mm-long 
cylindrical ‘nose’. This indicates significant 
radial and vertical displacements, with the 
crushed zone extending deeper than in silica 
sands, where it is confined to a triangular 
convex-shape beneath the cone [1,3]. 

 
 
 
 
 

 

   
 
 
 
 
 

Figure 1: Crushed soil at the cone tip: 
excavated (left) and bulb (right). 
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Figure 2: PSD curve natural and crushed soil. 
 

Based on the cyclic loading regimes and 
recovered bulb shape, a crushing mechanism 
is hypothesised, although the cone resistance 
(qc) and pore pressure (u2) responses remain 
not yet fully understood. It comprises three 
phases: contact loss, suction-driven soil 
migration, and cumulative particle crushing. 
During the first 65 cycles (Test 1), qc,max 
decreases while the qc,min remains slightly 
above zero (Figure 3), indicating a gap 
formation beneath the tip, consistent with [4]. 
Concurrently, u2 becomes increasingly 
negative without returning to zero during 
upward strokes, suggesting limited dissipation 
or continued suction generation. Early 
negative u2 values (Test 1) indicate dilation, 
and/or particle crushing during the downward 
stroke, with decreasing qc pointing to particle 
crushing. In the subsequent 100 cycles, qc 
increases while u2 becomes less negative. 
During Test 2, qc stabilises between ~15–20 
MPa, with minimum qc values approaching 
zero and u2 fluctuating within 5 and -20 kPa, 
indicating reduced suction, consistent with the 
formation of a finer, less permeable soil 
covering the u2 filter. Downward strokes 
confine migrated soil, promoting crushing, 
progressive densification and bulb growth.  

 
Figure 3: qc, u2 and w (negative downward 

and positive upward) over time during Test 1. 

Future work 
Future experimental investigations shall 
include half-probe penetration in a  

 
 
 

 
 

transparent glass box (~100 cm3), with a 
surcharge applied at the top to reproduce 
initial vertical effective stress,  enabling direct 
visualisation of soil displacements during 
static and cyclic half-CPT loading. This 
configuration allows observation of local soil 
response, grain crushing near the probe and 
migration of crushed glauconite. 
Complementary calibration chamber tests 
would improve repeatability and strengthen 
interpretation of the observed mechanism and 
CPTu response. 
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Abstract  
This study extends a previously developed suction-monitored unconfined compression (UC) 
apparatus by investigating the feasibility of applying Digital Image Correlation (DIC). While DIC is 
traditionally applied to planar surfaces, its use on cylindrical soil specimens introduces geometric 
and optical uncertainties, limiting quantitative accuracy. Nonetheless, qualitative strain field 
analysis was performed at axial strain rates of 1%/min, 0.1%/min, and 0.01%/min. The results 
demonstrate that DIC can successfully capture deformation patterns and strain localisation, 
providing additional insight into failure mechanisms and complementing suction and volumetric 
strain measurements. 

Introduction 
Investigating the shear strength of low density, 
unsaturated soils under low stress typical of 
near surface conditions is critical for 
applications such as shallow landslides. The 
authors previously developed a suction-
monitored Unconfined Compression (UC) 
apparatus enabling simultaneous 
measurement of suction and monitoring of 
volumetric strain, widening possibilities of the 
traditional UC test [1]. However, while global 
measurements provide valuable insight, they 
do not fully capture spatial deformation 
patterns or strain localization. Digital Image 
Correlation (DIC) offers a non-contact method 
for obtaining full field displacement and strain 
data and has been widely adopted in 
experimental mechanics [2]. Its application in 
geotechnical testing is increasing, particularly 
for investigating localisation phenomena [3]. 
However, DIC is reliable on planar surfaces, 
whereas UC specimens are cylindrical, 
introducing projection errors and out of plane 
displacement effects [2]. This study explores 
the feasibility of integrating DIC into the 
existing suction monitored UC apparatus 
without any hardware modification. The 
objective is not to obtain precise quantitative 
strain values, but to assess whether 
meaningful qualitative deformation patterns 
can be extracted and used to deepen 
understanding of suction evolution and strain 
rate effects. 

Methodology 
The experimental configuration follows the 
suction monitored UC apparatus previously 
developed in [1]: axial deformation control, 
suction measurement using a METER Group 
T5x tensiometer, and image-based global 
volumetric strain monitoring. Cylindrical silty 
sand specimens (D=32mm L=72mm) 
consisting of 26% silt and 74% sand fractions 
were compacted to 1200kg/m3 and tested at 
axial strain rates of 1%/min, 0.1%/min, and 
0.01%/min following BS EN ISO 17892-
7:2018. For DIC analysis, 8MP images 
captured during testing were processed using 
a Python based workflow. No artificial speckle 
pattern was applied; instead, the natural soil 
surface texture was used for correlation. The 
DIC parameters were: subset size of 21 pixels, 
subset spacing of 5 pixels, and search radius 
of 30 pixels. A normalized cross correlation 
threshold of 0.5 was selected to allow tracking 
under large deformations, accepting reduced 
correlation quality. The DIC outputs are 
presented in fig. 1 as displacement and strain 
maps arranged from left to right in decreasing 
strain rate (A 1%, B 0.1%, C 0.01%/min). 

Results 
The DIC results successfully captured the 
spatial evolution of deformation across all 
strain rates. The raw images in fig 1, show that 
at post -peak deviator stress, at approximately 
1.17% axial strain, no visible macroscopic 
failure is observed (row 1), yet the derived 
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Figure 1: 1. Raw DIC input image at axial strain of 
1.17% (post -peak deviator stress), 2. vertical 
displacement, 3. horizontal displacement, 4. 
volumetric strain, 5. shear strain fields and 6. raw 
image from the end of the test with visible failure. 

strain fields reveal early-stage localisation in 
the volumetric and shear strain fields (rows 4 
and 5). As the specimens were open to 
ambient air, the test ran at 0.01% strain rate 
resulting in the specimen drying out which led 
to an increase in suction and higher peak 
deviator stress (qmax) (table 1). On the other 
hand, the absence of a membrane allowed 
tracking of the particles directly on the surface 
of the specimen and capturing of the different 
displacement mechanisms between the lower 
and higher suction specimens. It is important 
to note that absolute strain magnitudes are 
unreliable due to curvature induced distortion 
and out-of-plane effects. However, this simple 
low cost (total cost ~£100) method gives 
useful insight into the relative distribution of 
strain and deformation mechanisms 
complementing global measurements. 

Table 1: Suction monitored UCS test results [1] 
Strain rate (%/min) 1 (A) 0.1(B) 0.01(C) 

Initial water content (w) (%) 7 7 7 

Dry density (Pd ) (kg/m3) 1200 1200 1200 
Initial suction (s) (kpa) 8 7.8 7.4 
s at qmax (kpa) 10.8 10.4 55.4 
Peak deviator stress (qmax )(kpa) 2.38 2.36 6.91 
Final w (%) 6.2 5.8 4.6 

Future work 
This low-cost setup could be further optimised 
by using a two camera setup in order to obtain 
a stereoscopic 3D image of the specimen. 
This would eliminate the out of plane effect 
and allow the correlation of the surface 
particles in 3D [2]. 
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Abstract  
The discrete element method (DEM) provides a means to advance understanding of soil 
behaviour by explicitly simulating particles and their interactions.  In principle, a DEM contact 
model should accurately describe the normal and tangential interactions.  These contact models 
need to capture the history of the tangential (shear) interaction to determine the point of frictional 
sliding. Two implementations to track the shear history in DEM simulations have been 
documented in the literature. The first approach accumulates the shear force, while the second 
accumulates the shear displacement. Our mathematical analysis of the two approaches 
demonstrates that the displacement-accumulated model does not account for the full history of 
the tangential interaction. Here, we demonstrate the practical implications of this shortcoming.  
Firstly, we consider the sensitivity of the response of a Face Centered Cubic lattice arrangement 
of same-sized spheres in drained triaxial compression to the choice of shear history 
implementation. We show that, if the shear displacement is accumulated, the sample does not 
reach the peak stress ratio given by the available analytical solution. Subsequently, we present 
data from drained compression of an assembly of polydisperse spheres that show large 
differences in the volumetric strain response depending on which implementation is used. 

Introduction 

While DEM contact models are conceptually 
much simpler than the constitutive models 
used in continuum soil mechanics, some 
details in these models require careful 
consideration.  Here, we focus on the history 
of the tangential interaction, a key feature of 
DEM contact models that can be implemented 
erroneously as shown by O’Sullivan and Bray 
(2003) [1]. 

Two implementations for tracking the shear 
history and thus calculating the tangential 
shear force have been implemented in DEM 
codes. The first (integral) approach calculates 
the tangential or shear force from the 
accumulated tangential displacement at the 
contact. The second (incremental) approach 
updates and accumulates the tangential 
shear force directly. The integral approach 
(accumulating displacement) is used in Pair 
Gran Hertz History in LAMMPS [2] and also in 
MercuryDPM [3]. The incremental (force 
accumulation) approach is used by PFC [4] 

and YADE [5]. 

Thornton et al. (2011) [6] showed the different 
responses obtained when using each of these 
implementations for oblique impacts and 
contact level studies.  Here, we extend this 
earlier study to look at implications for the 
collective response of systems of particles. 

Methodology 
DEM simulations were carried out using a 
modified version of LAMMPS [2] and 
considering both the integral and incremental 
approaches to record the history of the shear 
force for each contact.  The first study 
considered drained triaxial compression of 
2000 spheres on a Face-Centered Cubic 
(FCC) lattice to simulate the scenario 
considered analytically in Thornton (1979) [7]. 
The second set of simulations considered 
drained triaxial compression of 20,174 
polydisperse spheres. Both sets of 
simulations considered freely rotating spheres. 
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Results 

As shown in Fig. 1, for the drained triaxial 
compression of the FCC assembly, when the 
integral approach is used, the peak stress 
ratio is lower than the analytical prediction and 
irregular oscillations are obtained in the post-
peak response. For DEM simulations where 
the incremental approach is used, the peak 
stress ratio is very close to the analytical 
prediction, and the post-peak oscillations are 
absent. 

 
Figure 1: Stress ratio vs vertical axial strain 

 for drained triaxial compression (௭ߝ)
ߪ) ଷ and ߪ ଵ are minor and major 

principal effective stresses) 

 

Figure 2: Volumetric strain ( ) and  vs 
 for drained triaxial compression of 

polydisperse spheres (  is deviator 
stress and  is mean effective stress) 

 
For the drained triaxial compression of a 
polydisperse sample, the plot of volumetric 
strain against axial strain differs between the 
two approaches (see Fig. 2), despite limited 
differences being observed in the mobilized 
stresses. 

In a mathematical analysis of the two 
approaches (not detailed here), we found that, 
when the integral approach is used, the 
calculated tangential force depends only on 
the normal overlap at the current timestep, 
with the full history of the interaction not being 
considered. However, this error is overcome 
when the incremental approach is adopted. 

Future work 

Ongoing supplemental work is investigating 
the undrained triaxial compression of a 
polydisperse sample and the impact of the 
two implementations on particles in a rotating 
drum. 
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Abstract  

In this work, the sub-stepping scheme for critical state models is developed, taking into 
account the relation of void ratio with hydrostatic stress and preconsolidation. The sub-
stepping scheme is shown to be robust and improve the convergence of the local 
nonlinear system. By deriving the consistent tangent operator for this scheme, the global 
Newton-Raphson iteration achieves quadratic convergence, thereby enhancing both the 
accuracy and robustness of the analysis. This formulation is highly efficient and can be 
used with problem involving arbitrary large load step, such as tunnel simulation. 
 

Introduction 
In the previous work [1], the implicit sub-
stepping strategy is developed for the 
critical state models [2], namely the 
Modified Cam-Clay (MCC) [3] and Clay 
and Sand (CASM) [4]. This approach is 
highly efficient to overcome large and 
unpredictable load step, in particular the 
one stemming from stress relaxation 
analysis, e.g., excavation problem. For 
robustness, the void ratio is updated 
explicitly at the end of the load step [5,6]. 
Nevertheless, this strategy effectively 
invalidates the converged yield surface, 
leading to artificial stress development if a 
zero load increment is imposed. For long 
analysis, the accumulated error will lead to 
erroneous results and degrade the 
convergence. To remedy this drawback, 
the void ratio can be considered as local 
primal variable and solved together with 
the stresses and preconsolidation 
pressure. 

Methodology 
The local system adopting the nonlinear 
prediction of the trial stress, which has to 
be solved in each sub-step [1,6], reads 

ℎଵ = ݌ − )௡exp݌
1 + ݁

ߢ Δߝ௩
௘) = 0,   (1)

ℎଶ = ݍ − ඨ3
2 ௡ܛ‖ + ௗࢿΔߤ2

௘ ‖ = 0,   (2)

ℎଷ = ௖݌ − Δ߳௩ߠ)௡exp(௖݌)
௣) = 0,   (3)

ℎସ = ,݌)݂ ,ݍ (௖݌ = 0.                        (4)

 

 
The void ratio is related to the hydrostatic 
pressure and preconsolidation, such as 

݁ = ݁଴ − ௖݌ log ߣ −  log ߢ
݌
௖݌

             (5) 

Following that, the local system (1)-(4) is 
enriched with (5) by additional residual 
equation 

ℎହ = ݁ − ݁଴ + ߣ) − (ߢ log ௖݌ + ߢ log ݌ = 0 
This constitutes the set of local variables 
,݌} ,ݍ ,௖݌ Δ߶, ݁} to be solved by the Newton-
Raphson iteration. The additional 
gradients necessary for the incremental 
update of the local variables reads 

ℎଵ,ହ = −
௡݌
ߢ Δߝ௩

௘exp [
1 + ݁

ߢ Δߝ௩
௘],

ℎଶ,ହ = ℎଷ,ହ = ℎସ,ହ = 0,

ℎହ,ଵ =
ߢ
݌ , ℎହ,ଶ = 0,

ℎହ,ଷ =
ߣ − ߢ

௖݌
,

ℎହ,ସ = 0, ℎହ,ହ = 1.
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Results 
To verify the implementation of the 
modified implicit sub-stepping algorithm, 
the excavation simulation of a soil block 
with dimension 5 × 4 m is performed. The 
MCC parameters are taken as 
ߣ = 0.37, ߢ = 0.054, ܯ = 1.4, ߥ = 0.35 and 
݁଴ = 2.52. The soil block is excavated in 
one lift (excavation domain is removed at 
once). The deformed mesh and 
corresponding void ratio distribution are 
visualised in Figure 1. 

Conclusion 
 
The implementation of the modified 
implicit sub-stepping algorithm exhibits the 
quadratic convergence behaviour. In the 
benchmark test case, the convergence is 
achieved with simulation involving 
relatively large bulk of material removal. In 
the future work, the MCC and CASM 
constitutive laws are coupled with a 3-
phase element to perform simulation on 
partially saturated media, which takes into 
account the void ratio as the porosity 
measure. To improve the efficiency, the 
automatic sub-stepping shall be enabled 
to reduce the number of sub-steps. 
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Abstract  

Compacted bentonite is widely proposed as an engineered barrier material in Geological Disposal 
Facilities (GDFs) for radioactive waste. However, potential exposure to saline groundwater may 
significantly alter its hydro-mechanical performance. This study develops a chemo-hydro-
mechanical (CHM) constitutive framework incorporating salinity effects through a double-structure 
formulation for expansive clays. Osmotic suction is introduced as an additional stress component 
acting at the microstructural level. Numerical simulations using the software ICFEP reproduce 
experimentally observed reductions in swelling pressure and changes in microstructural 
behaviour with increasing salt concentration. The framework demonstrates promising capability 
for predicting bentonite performance under saline environments relevant to UK GDF construction. 
 
Introduction 
The expansion of the UK nuclear energy 
programme has intensified the need for safe 
long-term disposal of radioactive waste. 
Geological Disposal Facilities (GDFs) provide 
a permanent solution by isolating waste 
underground using multi-barrier systems. 
Compacted bentonite plays a critical role as 
an engineered barrier due to its low 
permeability, high swelling capacity, and self-
sealing properties. 
Potential UK GDF sites located near coastal 
regions may encounter groundwater salinity 
approaching 320 g/L total dissolved solids 
(TDS). Elevated salinity alters physico-
chemical processes of bentonite at the 
microstructural level, by reducing diffuse 
double layer (DDL) thickness and interlayer 
hydration, leading to decreased swelling 
pressure and increased permeability, which 
may compromise barrier performance. 
Experimental studies [1] have demonstrated a 
double-porosity structure of swelling clays, 
comprising macrostructural pores between 
clay aggregates and microstructural pores 
associated with clay interlayers. Double-
structure constitutive models provide a 
physically motivated framework to represent 

such behaviour. This work extends an existing 
double-structure constitutive framework by 
incorporating chemical effects through 
osmotic suction, contributing toward a 
coupled hydro–mechanical–chemical model 
capable of predicting bentonite behaviour 
under saline conditions.  

Methodology 
Numerical analyses were conducted using the 
finite element (FE) code ICFEP [2]. Bentonite 
behaviour was simulated with the ICDSM [3] 
constitutive model. The microstructure is 
assumed to be fully saturated, elastic, and 
volumetric. The model characterises the 
microstructure via three microstructure 
parameters: compressibility coefficient, �� , 
void factor, VF, and interaction function, ��.  

The proposed extension of the ICDSM 
formulation for chemical coupling considers 
chemical effects through modification of the 
microstructural effective stress. Osmotic 
suction is evaluated as a function of salt 
concentration using the van’t Hoff’s Equation 
(1), which is subsequently converted into 
osmotic pressure, Equation (2)., and 
introduced as an additional stress component, 
Equation (3).  
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� = �����
 (1) 
�� =   
 ∙ �  (2) 
�� = � +  	�� + �� (3) 

Results 
Preliminary validation of the model was done 
by simulating the FEBEX constant volume 
swelling test [4]. The FE results demonstrate 
ability to predict the measured trend of 
swelling pressure reduction with increasing 
NaCl concentration (Figure 1). Higher salinity 
increases osmotic suction, generating 
compressive osmotic stress that suppresses 
clay expansion. Slight overestimation of 
measure swelling pressures informs further 
refinement in model calibration. 
Microstructural analysis shows that increasing 
salinity, or osmotic suction, reduces the void 
factor (VF) (Figure 2). As VF describes the 
proportion of microstructure in the clay fabric, 
its decrease indicates decreased interlayer 
hydration and suppressed micro-swelling. 
This is consistent with physico-chemical 
mechanisms whereby elevated ionic 
concentration compresses DDL and limits 
interlayer water uptake, reinforcing the 
selected representation of chemical effects 
with an additional stress component in a 
double-structure framework.  

Future work 
Future developments will focus on refining the 
dependence of microstructural parameters on 
salinity to improve predictive robustness of 
the model. Integrating this with hydro-
chemical permeability formulation will allow 
simultaneous modelling of salinity dependent 
permeability. Ultimate objective is to develop 
a fully coupled THM-C framework capable of 
supporting long-term GDF assessment.  
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Figure 1: Measured and predicted FEBEX 

bentonite swelling pressures 

 

Figure 2: Normalised VF at saturation as a 
function of osmotic suction (salinity). 
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Abstract  
Sinkholes are a globally occurring geohazard caused by subsurface void collapse. The estimation 
of sinkhole formation probability is commonly carried out using hazard mapping techniques [1], 
however linking a given sinkhole hazard to structural vulnerability is underexplored. Therefore 
sinkhole-foundation interaction will be investigated using the discrete element method (DEM). A 
key challenge with this approach is producing calibrated DEM models with appropriate micro-
mechanical properties. This is addressed through the development and implementation of an 
automated evolutionary strategy for macro to micro scale material calibration which enables the 
realistic replication and study of sinkhole structure interaction case-studies. 

Introduction 
The discrete element method is well suited to 
large displacement problems and has 
successfully been applied to sinkhole and 
other large displacement problems in the past 
[2]. However, for engineering scale 
simulations computational limitations 
necessitate that each DEM particle 
represents hundreds to thousands of real 
particles. This eliminates the possibility of 
direct measurement of particle-scale (micro-
scale) material parameters. Therefore, it is 
necessary to select a micro-scale parameter 
set that results in macroscopic behaviour that 
replicates the behaviour measured through 
ground investigations. 
Due to the relatively high cost of each 
parameter set evaluation and the 
dimensionality of the problem, simplified 
approaches to parameter searching, such as 
grid search, become prohibitively expensive. 
Alternatively surrogate models, such as 
Bayesian Optimisers, could be used to 
sample potential parameter combinations 
however this approach requires selection of a 
prior function which is challenging without first 
gaining prior understanding of the parameter 
space [3]. Therefore, a gradient free optimiser, 
the Covariance Matrix Adaptation 
Evolutionary Strategy (CMA-ES) algorithm [4], 
is adopted due to its lack of prior assumptions, 
robustness to noise, effective avoidance of 
local minima, and  its efficient searching 
strategy [5]. 

Methodology 
Selection of an appropriate calibration target 
is vital for producing a meaningfully calibrated 
material [3]. As the objective of this work is to 
replicate sinkhole ground conditions based on 
available data the initial stiffness and angle of 
friction are chosen as calibration targets. In 
the model both parameters are measured 
using three displacement-controlled triaxial 
tests cut from a larger soil model to preserve 
soil fabric. During testing, confining pressure 
is set to equal that measured prior to removal 
of non-test particles and this enables 
determination of a stiffness profile over depth. 

 
The stiffness error for each parameter set is 
computed as the normalised RMSE between 
the target profile and the measured profile. 
The friction angle error is computed as the 
error between the measured and target angle. 
Both errors are then combined through a 
weighted addition to ensure that the CMA-ES 
algorithm does not bias one target over 
another. 
 
In each CMA-ES generation 10 candidate 
parameter sets, sampled from a multivariate 
Gaussian distribution described by the 
covariance matrix, are evaluated with the 5 
lowest error candidates used to adapt the 
covariance matrix and thereby steer the 
parameter choice towards an optimal solution. 
Over successive generations the covariances 
are reduced, or zoomed in, until the optimal 
solution is identified [3]. 
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Results 

 
Figure 1: Best stiffness profiles from selected 

calibration generations with CMA-ES 
computed error denoted by line colour. 

 
Initial test calibrations have been carried out 
against a synthetic calibration target: φ = 30o  
and Einit(ZB.G.L) =  20 + 19*ZB.G.L. (MPa). 
 
The micro-scale parameters controlled via the 
CMA-ES algorithm are: Kn (Normal Stiffness), 
Ks (Shear Stiffness), fs0 (Initial shear 
resistance) and mup (coefficient of friction).  
 
In this initial calibration strong agreement with 
the calibration target was achieved by 
generation 17 with marginal improvement 
identified by generation 27 (Figure 1). This 
demonstrates the feasibility of this CMA-ES 
framework for efficiently calibrating DEM 
ground models. 

Future work 
Initial calibration results demonstrate that the 
proposed methodology is a promising tool for 
the calibration of DEM ground models. 
However, further work will be required to 
demonstrate that the results are optimal and 
unique, i.e. not a local minima. This will be 
explored through varying the seeded “random” 
number generation to verify that the algorithm 
is able to achieve consistent calibration. 
 

In addition, the methodology will be verified 
with different particle packing’s, size 
distributions and calibration targets. Following 
this, breaking displacement will be 
incorporated as a calibration parameter, to 
enable the calibration of cohesive materials. 
 
This calibration methodology will then be 
applied to creating a set of isotropic materials, 
based on ground investigation data, which 
can then be combined to produce a stratified 
ground model corresponding to investigated 
conditions at a sinkhole case-study: enabling 
its numerical investigation. 
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Abstract  

This study evaluates the influence of the expressions used to predict relative hydraulic 
conductivity on predictions of transient unsaturated flow by comparing the van Genuchten–
Mualem (VGM) and van Genuchten–Burdine (VGB) formulations. A one-dimensional Richards-
equation solver was implemented in Python to enable a controlled comparison that is not 
achievable in currently available software packages which typically implement only the VGM 
model and couple a specific pair of van Genuchten (VG) hydraulic parameters. The new 
implementation presented here decouples the two parameters and independently fits the 
tortuosity parameter so that the effect of the analytical model used to predict hydraulic conductivity 
can be isolated. The results show that both the expressions used to predict relative hydraulic 
conductivity as well as the tortuosity parameter within these expressions can significantly affect 
transient saturation evolution. 
 

Introduction 
Accurate prediction of relative unsaturated 
hydraulic conductivity (  ௥ ) is essential toܭ
predict water transport and saturation 
evolution in soil. However, in most practical 
applications, only the van Genuchten–
Mualem (VGM) expression for ܭ௥ is adopted 
because of its convenient closed-form 
structure [1, 2]. Prior research has shown that 
the VGM and the van Genuchten–Burdine 
(VGB) models can predict different responses 
depending on soil type, saturation range, and 
modelling scenario. Therefore, a systematic 
comparison of these two models is important. 
Two challenges hinder such a comparison: (1) 
the VGB model is rarely implemented in 
currently available software packages; (2) 
standard implementations typically enforce 
coupling between the VG hydraulic 
parameters, and this coupling relationship 
differs in the VGM and VGB models, inhibiting 
isolation of their individual effects. While the 
VGM model was developed from Burdine’s 
framework [3], this historical linkage does not 
remove the need for an evaluation of their 
predictive performance. 
 
Therefore, we developed a Python-based 
one-dimensional Richards-equation solver to 
allow full control over parameter coupling and 

the expression for ܭ௥, in order to compare the 
use of VGM and VGB models under identical 
retention conditions. 

Methodology 
The adopted soil hydraulic parameters were 
obtained from UNSODA data [4]. The 
measured SWCC was fitted using the VG 
model, while measured hydraulic conductivity 
data were normalized by the saturated 
hydraulic conductivity to obtain ܭ௥ . Figure 2 
compares the Mualem and Burdine ܭ௥ −
ܵ௘ relationships, where ܵ௘  denotes the 
effective saturation, and the tortuosity 
parameter, ݈,  was fitted separately for each 
conductivity expression. 
The developed Python-based solver 
considers vertical unsaturated flow.  It can 
support head-controlled and flux-controlled 
boundaries, adaptive time stepping, and both 
the VGM and VGB ܭ௥ expressions. The initial 
and boundary conditions used here are 
illustrated in Figure 1.  The solver was 
successfully benchmarked against reference 
numerical results obtained from PLAXIS [5] 
under both wetting and drying conditions 
(Figure 3). The column model then was used 
to compare VGM and VGB under identical 
retention parameters, geometry, and 
boundary conditions, the expressions for ܭ௥ 
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and ݈ were varied in the sensitivity analysis. 

 
Figure 1: Column setup: Wetting Case (left) and 
Drying Case (right)  

 
Figure 2: Fitted hydraulic functions: SWCC (left) 
and Relative hydraulic conductivity curve (right)  

 
Figure 3: Model Validation: Wetting Case (left) 
and Drying Case (right)  

 
Figure 4: ܵ௥ profiles: Wetting Case (left) and 
Drying Case (right)  

Results 
The evolution of ܵ௥   was used to compare 
transient behavior predicted by the VGM and 
VGB models (Figure 4). Using the same fitted 
VG parameters, the VGM and VGB can 
produce different ܵ௥  profiles under both 
wetting and drying conditions. The differences 
are most pronounced during the transient 

stage, indicating that wetting and drying front 
propagation is strongly model-dependent. In 
addition, the ݈  values can also modify the 
effective conductivity distribution, further 
affecting the temporal variation and shape of 
the simulated profiles. These results confirm 
that both the expression used to predict ܭ௥  
and the choice of ݈ significantly influence the 
predicted soil column response. 

Future Work 
Future work will extend the analysis to other 
configurations, including head-controlled free-
drainage, flux-controlled closed-bottom, and 
flux-controlled free-drainage conditions, each 
under both wetting and drying scenarios. In 
addition, hysteresis will be explored through 
micro-scale analysis to provide a more 
fundamental understanding of the VGM and 
VGB models. 
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Abstract  
The need to reduce carbon emissions in the built environment has led to an ever-growing focus 
in energy geostructures, particularly thermo-active piles, which provide both structural support 
and enable low-carbon heating and cooling through ground heat exchange. Traditional methods 
of assessing thermal performance overlook heat pump behaviour. This study compares simplified 
methods based on prescribed heat fluxes with a comprehensive first-law formulation that 
integrates the heat pump performance through explicit modelling of the heat exchanger pipework. 
The results of both methods are interpreted using a common model of the heat pump coefficient 
of performance (COP), which allows estimating the overall performance using electricity 
consumption. Parametric analyses show that pile length has a stronger influence on performance 
than diameter. 
 

Introduction 
Thermo-active foundations use embedded 
pipework in piles to exchange heat with the 
ground via electrically driven heat pumps, 
making system behaviour dependent on both 
the ground heat exchanger and heat pump 
operation [1]. Conventional prescribed heat 
flux methods treat piles as isolated 
conductors and overlook key operational 
effects such as temperature lift and electricity 
demand [2-4]. A new approach links fluid 
temperature changes directly to heat pump 
electricity use through the coefficient of 
performance (COP, [5]). This study compares 
these methods to assess their influence on 
predicted thermal performance, long term 
temperature field, and system efficiency. 

Methodology 
The conventional heat flux (HF) method 
represents embedded pipes as line heat 
sources, along which a constant linear heat 
rate ܲ (W/m) is applied. Integration along the 
heat sources allows the estimation of the 
average fluid temperature, which can then be 
used to predict the inlet and outlet 
temperatures based on an assumed mass 

flow rate. An alternative approach, proposed 
and designated as the comprehensive heat 
pump (HP) method [5], explicitly models the 
fluid circuit and computes inlet/outlet 
temperatures. This is achieved by modelling a 
closed pipe circuit through which a fluid flows 
at constant velocity, with heat ܳ  being 
transferred to one of the elements of the 
circuit outside the pile, mimicking the 
temperature jump applied by the heat pump.  
For both methods, an analytical COP model 
can be used to estimate the electricity 
consumption, using: 

ܱܲܥ = ට
்ౘ౫౟ౢౚ౟౤ౝ

்ౘ౫౟ౢౚ౟౤ౝି்౥౫౪ౢ౛౪
 , (1) 

where bܶuilding  is the temperature required 
within the building (expressed in Kelvin) and 

oܶutlet is the temperature of the fluid at the pile 
outlet (K). The annual electricity consumption 
can then be calculated using ܧ = ܳ ∕  , ܱܲܥ
providing a direct performance indicator for 
the combined system comprising the pile and 
the heat pump.  
A 3D COMSOL model simulated a 0.9 m 
diameter, 30 m pile embedded in a sufficiently 
large soil domain. HDPE pipes (26.2 mm ID) 
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formed a double U-loop; flow rate was 
0.1 kg/s and ܳ = 1.5 ܹ݇ . Additional 
parametric cases considered different values 
of diameter (0.6 m, 0.9 m, 1.2 m), length (20 
m, 30 m, 40 m), concrete cover (70mm vs 
140 mm)), thermal conductivity of the pile 
concrete/grout (2.3 vs 0.1 W/mK), and applied 
power. Steady state conditions were used to 
assess long term behaviour.  

Results 
Only the effects of pile length and pile 
diameter are shown for brevity. Pile length 
(Figure 1) is seen to be the dominant 
geometric parameter, although the effects are 
generally minor: increasing length from 20 m 
to 40 m reduces electricity consumption for 
the same heat flux by ≈ 7%, as longer piles 
provide greater surface area for heat 
exchange. The observed trend is consistent 
for both HF and HP models, with ≈ 1% 
difference between them. 

 
Figure 1 - Influence of pile length on 

electricity consumption. 
 

 
Figure 2 - Influence of pile diameter on 

electricity consumption. 
Pile diameter (Figure 2) however, shows even 
smaller effects, with doubling the diameter 
from 0.6 m to 1.2 m (which represents 

doubling the concrete-soil contact area) 
leading only to a reduction of about 3% in 
electricity consumption. Similar to the 
previous study, the differences between HF 
and HP approaches are very small. 

Future work 

Transient analyses for long-term performance 
will be vital in future work. This framework can 
be extended to the evaluation of heat pump 
operational strategies to investigate seasonal 
ground regeneration cycles for maintaining 
thermal stability and mitigating capacity 
degradation over operational lifetimes.                               
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Abstract  
The rebuild of Fore Gill Bridge in Arkengarthdale highlights the challenges which face asset 
owners managing aging geotechnical infrastructure amid increasing climatic and financial 
pressures. The partial collapse of the masonry retaining walls during Storm Gerrit in 2023 initiated 
the major rebuild of the structure. A circular construction approach enabled the reuse of the 
historic masonry to produce Class 6I fill which was incorporated into the new soil-reinforced 
retaining walls. This strategy reduced carbon emissions, lowered project costs through fewer 
vehicle movements, and demonstrated a sustainable approach to the renewal of aging 
infrastructure. 

Introduction 
Fore Gill Bridge is a prime example of the 
UK’s aging geotechnical infrastructure, 
comprising of a historic masonry single span 
bridge and approach back-to-back retaining 
walls. The structure was originally constructed 
circa 1770 as part of the mining turnpike roads 
and now carries the C29 road connecting 
Arkengarthdale to Swaledale. Despite its age 
the structure still remains vital to rural 
communities within the Yorkshire Dales 
National Park.  
Heavy rainfall during Storm Gerrit in 
December 2023 led to the partial collapse of 
the retaining wall approaching the bridge 
revealing three, previously unknown, 9m span 
hidden masonry arches which were unable to 
be inspected or maintained (Figure 1). Further 
deterioration of the structure also risked 
lengthy road closures, potentially isolating 
local communities. The presence of the 
concealed arches necessitated a full rebuild 
of the structure, with the solution required to 
maintain the original historic aesthetic. 
This exemplifies the common challenges 
faced by asset owners due to aging asset 
stocks which are now further intensified by 
tightening budgets and rising construction 
costs [1, 2]. The reconstruction of Fore Gill 
Bridge aimed to address these challenges by 
incorporating the sustainable reuse of 
materials in the geotechnical solution.  

Structure Replacement 
Demolition of the existing masonry structure 
generated substantial quantity of stone. The 
selected options for the replacement structure 
therefore aimed to maximise the reuse of this 
stone and minimise the requirement for 
carbon intensive concrete solutions. To 
achieve this the 8.5m span masonry arch 
bridge was chosen to be reconstructed by 
reusing the existing arch stones, also allowing 
the bridge to be widened removing the pinch 
point in the road.  

 
Figure 1: Retaining wall collapse December 

2023 
A Maccaferri MacWall Vertica soil reinforced 
retaining solution was selected to replace the 
5m tall approach back-to-back retaining walls 
(Figure 2). This allowed for a circular 
approach by reusing the remaining stone from 
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the demolition as compacted fill. Furthermore, 
the ability of the wall system to accommodate 
differential settlement was also important due 
to challenging ground conditions at the site 
resulting from the presence of the Yorkshire 
Dales Glacial Till comprising of variable mixed 
soils.  

Masonry Re-use 
The existing structure comprised of a local 
quarried sandstone. To generate the Class 6I 
fill, excess stone was fed through an onsite 
Compac 700 Agri crusher, powered by an 
idling tractor. The resulting aggregate 
diameter was calibrated onsite and a series of 
laboratory tests were conducted to ensure 
compliance with Series 600 of the MCHW. 
The results for one of the particle size 
distribution tests and corresponding limits for 
6I fill are shown in Figure 3. It demonstrates 
that the crushed material fell within the 
required limits for use as fill for a soil 
reinforced earth wall. A suite of chemical tests, 
shear box and Proctor compaction tests were 
also conducted to allow for quality control and 
compliance. Using this method a total of 1,500 
tonnes of fill material was generated onsite in 
only 5 days and incorporated into the retaining 
structure. 

 
Figure 2: Replacement structure comprising 

of traditional masonry arch and soil 
reinforced retaining walls 

The processing of fill onsite significantly 
reduced vehicle movements when compared 
with importing equivalent aggregate, resulting 
in a saving of 250 tCO₂e. Furthermore, an 
additional 820 tonnes of masonry was reused 
in the new masonry bridge and facing to the 
retaining walls, delivering a carbon saving of 
approximately 140 tCO₂e compared with 

sourcing and importing like-for-like new 
materials. This circular approach to 
construction also brought financial benefits 
saving in excess of £500,000 while 
completely eliminating waste from the 
demolition of the original structure and 
maintaining its original aesthetic. 

 
Figure 3: PSD of the crushed masonry for 6I 

fill 

Conclusions 
The circular approach to construction of the 
soil reinforced retaining walls demonstrates 
the potential for reuse of existing materials in 
the renewal of aging masonry infrastructure. It 
demonstrates that a circular approach can 
deliver both benefits for sustainability by 
reducing vehicle movements and reducing 
project costs by importing less new materials 
while maintaining the aesthetics of historic 
structures. 
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Abstract  
Underground networks (i.e., tunnels and shafts) are connected by short drives known as 
junctions. The construction of a lateral opening at a junction is referred to as a shaft breakout. 
The design of a shaft breakout can be complex, often resulting in the adoption of conservative 
design practices. The application of reinforcement around the opening is common practice to 
ensure that the additional loading can be safely resisted. This paper presents results obtained 
from geotechnical centrifuge modelling of a simulated shaft breakout. The model shaft consists 
of an aluminium tube with a diameter of 101.6 mm and a depth of 254.0 mm, founded in a 
sample of overconsolidated Speswhite kaolin clay.  
 
1. Introduction 

Current design approaches (ICE, 1996), for 
the temporary support required during the 
construction of an opening in an existing 
shaft, state that there is limited 
understanding of the response of the shaft 
lining during construction of the opening. At 
present, theoretical solutions giving the 
distribution of stress around an opening in an 
infinite elastic plane stress plate (e.g. 
Spyridis, 2015) are often used in practice. In 
addition, finite element modelling (FEM) may 
be undertaken, however, even complex 3D 
models are unable to capture the soil-
structure interaction that is critical to this 
scenario (Jayasiri et al., 2022). Using 
physical modelling it is possible to create an 
opening in a shaft in clay whilst measuring 
the changes of stress in the shaft lining as 
the soil deforms into the shaft. This extended 
abstract outlines the methodology and 
results obtained from these tests. 

2. Methodology 

The geotechnical centrifuge testing has been 
undertaken at City St George’s, University of 
London using the Acutronic 661 geotechnical 
centrifuge. This is a 40 g-tonne machine 
capable of accelerating 200 kg to 200 times 
Earth’s gravity using a 1.8 m radius arm. The 
typical package used on the centrifuge has a 

depth of 300 mm, which when tested at 100g 
would be equivalent to 30 m of soil at 
prototype scale. This allowed a shaft of depth 
254 mm to be inserted which according to Le 
et al. (2019) ensures that ground movements 
below the shaft are not affected by the base 
of the soil container.  
2.1 Model Shaft liner  

The model shaft liner (Figure 1) comprised 
an aluminium tube with a diameter of 
101.6 mm and a wall thickness of 1.6 mm. 
The model liner represents a prototype 
continuous concrete liner with a diameter of 
10 m and a depth of 25 m, having a Young’s 
modulus of 30 GPa. The base of the model 
shaft liner was sealed with a brass plate and 
an O-ring. 
2.2 Shaft breakout support mechanism 

The support mechanism comprised of a 
double acting pneumatic actuator with a C-
shaped lever supporting a curved plug. The 
lever arm allows the plug to collapse inwards 
when released. The actuator was fixed on to 
a U-shape channel fitted across the top of 
the soil container. The fixed location ensured 
the mechanism was centred. 
2.3 Opening Dimension  

Two sizes of openings have been modelled; 
34 mm diameter, which is 1/3 of the shaft 
diameter and commonly used in practice, 
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and 44 mm diameter.  

 
Figure 1: Cross-section of model showing the 
locations of the strain gauges around the opening.  
 

2.4 Model Sample Preparation  

The model shaft lining (Figure 1) was 
embedded in a bed of Speswhite kaolin clay. 
The sample was prepared in soil container 
with an internal diameter of 420 mm, and an 
internal depth of 295 mm. The soil bed was 
prepared from a slurry which was subjected 
to a vertical stress of 275 kPa applied over 9 
days. 24 hours before testing, the soil 
sample was swelled to 175 kPa. This stress 
history typically results in an undrained 
strength at the midpoint of the opening of 
approximately 31 kPa following consolidation 
on the swing.  

3. Testing 

The model was accelerated to 100g and 
remained in-flight for 48 hours for the pore-
water pressures to come into equilibrium. 
Once this was achieved, the plug was 
released simulating the shaft breakout. 30 
minutes of consolidation time was allowed 
post breakout.  

4. Results 

Figure 2 shows an example of the variation 
in vertical strain with time measured by the 
strain gauges identified in Figure 1 during a 
breakout event. The greatest change in 
strain during the test was located at the 
spring lines. These changes in strain were 

equivalent to changes in stress of 
approximately 2,200 kPa and 2,800 kPa, 
respectively. This is approximately three 
times the stress predicted by the Kirsch hole 
in plate theory for this size of opening which 
was 44 mm in diameter.  

 
Figure 2: Vertical Strain with time. (Opening diameter 
44 mm, with water table 10mm below surface.)  
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Abstract  
 
The development of Tunnel Boring Machines (TBMs) has improved the efficiency of tunnelling; 
however, uncertainty in ground response complicates the anticipation of potential risks. There-
fore, an accurate prediction of ground movements also known as settlement is essential for ef-
fective mitigation before and during construction. Conventional prediction methods are often 
constrained by site specificity, computational demands, and simplified geological representation, 
which has driven the adoption of Machine Learning (ML) approaches. This study analyses 
monitoring data from the HS2 Project to investigate the relationship between surface settlement 
and TBM parameters to identify the key variables, forming a preliminary step towards a Machine 
Learning-based predictive framework.  
 

Introduction 
 
The mechanisation of tunnelling has facilitat-
ed the development of underground space 
for various functions including transportation. 
However, during the state-of-the-art report by 
[1] it was highlighted that the inevitable 
change in the stress state of soil during ex-
cavation induces settlement that may dam-
age the surrounding infrastructures and, 
therefore, a reliable method of prediction is 
important for tunnel design. 
 
There are multiple methods of prediction 
such as, Empirical [2], Analytical [3], Numeri-
cal [4] and Machine Learning (ML) methods. 
ML techniques have gained increasing atten-
tion for their ability to model complex non-
linear relationships and generate accurate 
predictions, but their performance is limited 
by data scarcity [5].  
 
This study used real time monitoring data 
from the HS2 Project to begin development 
of a data-driven model by analysing the rela-
tionship between TBM parameters and sur-
face settlement. The preliminary findings 
from the analysis of separate and integrated 
datasets are presented in this paper.  
 

Methodology 
 
The study adopts a five-stage methodologi-
cal framework comprising data collection, 
exploration, preparation, modelling, and 
evaluation. This paper focuses on the first 
two stages, with the results of the preliminary 
data analysis. 

Data were collected using MissionOS and 
Tunnel Process Control (TPC). These plat-
forms are remotely accessible data storage 
systems that record and monitor surface set-
tlement and TBM operational parameters, 
respectively. Settlement data were obtained 
from MissionOS, while TBM parameter data 
were sourced from TPC. After downloading 
the raw data, data preparation and explora-
tion were carried out. Data visualisation in-
volved examining the relationship between 
two parameters, one from each dataset, by 
generating XY scatter plots. This formed the 
basis for analysing the link between surface 
settlement and TBM operations. 

Results 
 
1. The development of transverse settlement 

trough (Figure 1) follows the Gaussian 
curve consistent with observations report-
ed by [6] at the Hyde Park site. 
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Figure 1: Development of transverse settlement 

during passage of TBM 
 
2. Figure 2 suggests a strong relationship 

between Face support pressure and 
chainage indicating that higher support 
pressure was required as the TBM ad-
vanced along the axis, reflecting changes 
in stiffness of soil and overburden. 

 

Figure 2: Variation of Face Support Pressure with 
TBM chainage (per ring) 

 

Figure 3: Correlation between Face Support 
Pressure and Surface Settlement 

 
3. Figure 3 shows a negative correlation be-

tween settlement and Face support pres-
sure, where lower pressures associate 

with greater settlements. The dispersed 
points suggest that this parameter solely 
is not responsible for the settlement, sug-
gesting contribution of other factors.  

 

Future work 
 
The results indicate that multivariate analysis 
will need to be conducted to capture the 
combined influence of multiple variables. 
Further work will include incorporating this 
development into a predictive ML model and 
evaluating its performance. 
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