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Undrained cyclic loading of normally consolidated clays, interspersed with consolidation (i.e., episodic cyclic loading), has
been shown to lead to softening followed by hardening, manifested by evolving parameters such as strength, stiffness, and
coefficient of consolidation. The current evidence base is drawn from tests in which soil strength has been fully mobilized in
each cycle of loading, whereas in practice, changes in stress around a geotechnical infrastructure typically occur only at a
prefailure level. This paper presents results from a set of stress-controlled episodic cyclic direct simple shear tests imposing
prefailure stress reversals in each cycle. Differences in soil response are identified for the same total number of cycles of
loading but imposed through packets of different numbers of cycles and, consequently, different numbers of intervening
consolidation stages. The results highlight the effect of load history on operational soil properties and quantify the effect of
the undrained prefailure cyclic loading history on the evolution of the soil properties, supporting the application of whole-
life geotechnical design in practice.

NOMENCLATURE

cv Coefficient of consolidation
D Damage ratio between the excess pore water pressure

generation and the consolidation effective stress
e Void ratio
e0 Initial void ratio
Gs Specific gravity of solid fraction
su Undrained strength
su0 Monotonic undrained strength
� Shear strain

ãu Excess pore water pressure generation
�0 Slope of one-dimensional swelling line
�0 Slope of one-dimensional normal compression line
� ′
v Vertical effective stress

� ′
v0 Equilibrium vertical effective stress

� ′
vc Consolidation vertical effective stress
� Shear stress
�′ Angle of internal friction

INTRODUCTION

Renewable Energy Future

The global energy industry is going through a significant period
of transition aiming to net zero greenhouse gas emissions in the
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coming decades, and renewable energy is expected to be one of
the fastest-growing energy sources globally (International Energy
Agency, 2021).

In line with the Paris Agreement for climate neutral energy
or energy with no greenhouse gas emissions in the coming 30
years, investments and technologies are needed to decarbonize the
energy system. East Asia is responsible for 34% of the global
energy-related emissions, where a 53% reduction in carbon emis-
sions by 2050 is planned through the transition to renewable ener-
gies (International Renewable Energy Agency, 2019). Asia’s share
of the global offshore wind market is expected to grow from 24%
in 2019 to 42% in 2025 (ReGlobal, 2020). In addition, Europe
is aiming to increase its offshore capacity from wind and other
types of ocean energy (e.g., wave and tidal) to at least 340 GW
by 2050—that is, multiplying the capacity for offshore renewable
energy by nearly 30 (European Commission, 2020). In parallel,
the United Kingdom is aiming to quadruple the amount of off-
shore wind generated to 50 GW by 2030 (HM Government, 2022)
and to 100 GW or more by 2050 (Climate Change Committee,
2020).

Figure 1 presents a forecast of the global growth of the offshore
wind market in the coming years (Global Wind Energy Council,
2022), showing a significant increase in installation rate. To cope
with the rapid development of offshore wind, efficient design pro-
cesses for offshore renewable energy structures are required. This
paper specifically considers optimization of geotechnical design
for foundations and anchors to support future offshore wind
infrastructure. Figure 2 illustrates a range of offshore renewable
energy structures and different foundation and anchor solutions.

Offshore Foundations and Anchoring Systems

A whole-life geotechnical design approach is applicable to vari-
ous offshore structures and can be applied to foundations, anchors,
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