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ABSTRACT

This paper discusses the potential for increased liquefaction risk in seabed along the Japanese coast
due to more severe wave conditions caused by climate change. A simple and practical assessment
method for wave-induced liquefaction was applied, utilizing Ocean Wave Information near the
Japanese coast (NOWPHAS). The results for the current climate, based on the observed wave
heights from NOWPHAS between 2015 and 2021, indicate that liquefaction could occur in a sandy
seabed at water depths of up to 50 meters, and in a silt bed at water depths of up to 75 meters.
With a 4% wave height increase as projected by the Japanese Ports and Harbours Bureau, the water
depths at which liquefaction could occur may increase only slightly by 5Sm. In contrast, under a
more extreme yet possible scenario with a 30% increase in wave height, the water depths of
liquefaction risk increase significantly by approximately 15-20 m. Namely, liquefaction could
occur in sand beds at water depths up to 65 meters and in silty beds at water depths up to nearly
100m. This suggests that liquefaction is likely to occur in the seabed of loose sands and silts around
anchors for floating offshore wind turbines which are typically installed at water depths beyond
50 meters, potentially causing instability in the foundations of floating offshore wind and cables,
as well as significant scour and erosion around them.

INTRODUCTION

Wave-induced liquefaction of seabed soil is an increasingly important topic due to its impact on
scour and erosion around structures such as offshore wind turbine foundations, cables, and other
facilities. The characteristics of wave-induced liquefaction of sands were investigated using
centrifuge wave testing (Sassa & Sekiguchi, 1999), which revealed that loose sand deposits can
undergo liquefaction due to the build-up of residual pore pressures. Furthermore, it was found
that there exists a critical cyclic stress ratio, beyond which liquefaction occurs. Notably,
liquefaction of seabed soil can exert a more significant influence on offshore structures than
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scour and erosion processes, potentially posing crucial risks to their stability (Sumer & Fredsoe,
2002).

In the future, as global climate change leads to more severe wave loading, liquefaction
could readily occur in seabed soils. The Japanese Ports and Harbours Bureau (Ministry of Land,
Infrastructure, Transport and Tourism) (2024) reported that wave heights around the Japanese
coasts are projected to increase by 1-4% at most locations, with one specific area expected to
have a larger increase of 9%. According to a report by the Japan Meteorological Agency (2020),
wave heights during typhoons are projected to increase markedly in the future around Japan,
with some areas experiencing up to a 30% rise.

This paper discusses the current and future risks of wave-induced liquefaction based on
the observations near Japan's coasts, involving how an increase in wave severity owing to global
climate change may increase the potential of wave-induced liquefaction (Figure 1) . Specifically,
the paper evaluates two scenarios, in which wave heights increase by 4% as reported by the
Japanese Ports and Harbours Bureau, and a reference scenario with 30% increase in wave height
as projected along Asian Coasts and across the globe (JMA, 2020; Chowdhury et al., 2019;
Reguero et al., 2019).
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Figure 1. Schematic illustration showing the relation between waves, seabed and
foundations of offshore wind turbines and practical issues of wave-induced liquefaction

PRACTICAL ASSESMENT OF WAVE-INDUCED LIQUEFACTION

In our past study (Miyamoto & Sassa, 2020), we assessed the potential for wave-induced
liquefaction in the seabed along the Japanese coast using the Ocean Wave Information from the
Annual Report on Nationwide Ocean Wave Information Network for Ports and Harbours
(NOWPHAS 2015-2017) (Kawaguchi, et al., 2015, 2016, 2017). Specifically, the liquefaction
potential at each observation point was evaluated by comparing the cyclic stress ratio yo which
represents the severity of wave loading on the seabed with the critical value y.- beyond which
liquefaction occurs under progressive waves. The cyclic stress ratio yo was derived from the
wave pressures acting on the seabed surface uo, the wavelength L, and the soil density y’. This
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paper assesses wave-induced liquefaction based on the most recent Ocean Wave Information and
focuses on the water depths where liquefaction could occur under severe wave conditions amid
climate change. The practical assessment method as described below has been adopted in
practice (MLIT, 2025).

Problem Definition. Consider a situation where sinusoidal fluid-wave trains (wave height, H;
wave period, T) propagate over a level bed of cohesionless soil, such as loose sand or silt, with a
water depth of h (Figure 2). These waves induce oscillation in wave pressure, with amplitude uo
acting on the soil surface. The wave pressure induces cyclic shear stress T in the soil bed.
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Figure 2. Sketches illustrating relations between H, T, h and cyclic shear stress in the seabed
soil.

Cyclic Stress Ratio 0. The severity of the action of travelling sinusoidal waves on a given soil
deposit may be expressed in terms of the cyclic stress ratio yp (Sassa and Sekiguchi, 1999),
which is expressed in terms of a poro-elasticity theory (Madsen, 1978; Yamamoto et al., 1978) as

r=(22) = 5o

%0 14
Tmax = —Ug-Z-exp (kz) forz<0 (2)
o =—vz forz<0 (3)
where 7max 1s the wave-induced maximum shear stress in the soil, x is the wave number (=271/L,
L is the wavelength), 5’ is the submerged unit weight of the soil (=p’g), z is the vertical
coordinate taken upwards from the soil surface. According to small amplitude wave theory, the

relationship between the wave height H and the amplitude of wave pressure at the soil surface uo
is given as:

H 1
Uo =5 Pwl oon (xh) )



By combining equations (1) and (4), the cyclic stress ratio yo can be expressed in terms of the
wave steepness (H/L) and the relative water depth (h/L) as follows, noting that k=2n/L and

v=P'g:
wo(= 5) =7 () Gream) (5) ©

This expression highlights the dependency of the cyclic stress ratio yo on the three primary
factors: the wave steepness (H/L), the relative water depth (h/L), and unit density ratio between
water and soil (pw /p"). These interrelations provide a foundation for evaluating the potential for
liquefaction under varying wave and soil conditions and water depths.

Assessment of wave-induced liquefaction. The assessment method used in this study is
straightforward (Figure 3): the cyclic stress ratios calculated using the observed and projected
values of wave height (H), wave period (T), and water depth (h) and the typical submerged unit
weight of soil (y’) are compared with a critical value y. to determine the possibility of the
occurrence of liquefaction. Here, note that in the linear wave theory, T, L, and h are related
through the dispersion relationship.

The critical value y.r, which represents the liquefaction resistance of a given sand bed
indicates the threshold beyond which liquefaction occurs. For loose fine sand deposits under
progressive waves, the critical value y., is approximately 0.11 — 0.14 (Sassa & Sekiguchi, 1999;
Sassa et al. 2001). For silt beds, y.- is approximately 0.06 — 0.09 (Sassa, 2016). In this study, the
submerged unit weight of soil is assumed to be 8 kN/m?, considering a typical value for loose
deposits, which results in a unit density ratio (pw/p’) equal to 1.25, as shown in Eq. (5).
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Figure 3. Flow chart of the assessment of wave-induced liquefaction
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WAVE INFORMATION FOR THE LIQUEFACTION ASSESMENT

The observed wave information along Japanese coast, including the maximum significant wave
height (Hi/3) with the corresponding wave period (T1/3) and the maximum wave height (Hmax)
with the corresponding wave period (Tmax) at each observation point for each year has been
obtained from the NOWPHAS 2015-2021 (Kawaguchi, et al., 2015, 2016, 2017, 2018, 2019,
2020, 2021).

The observed wave heights (Hi/3, Hmax) at each station for each year are plotted against
the water depths in Figure 4. The data cover the observations from shallow waters to deeper
water depths of up to 120m. The wave heights increase proportionally with increasing water
depths up to approximately 30m. Beyond this water depth, Hmax is generally up to 15m, while
Hi is up to 10m.
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Fig.4 Maximum wave heights and significant wave heights observed at various water
depths along Japanese coast for each year of 2015-2021. (from Annual Reports on
NOWPHAS, 2015-2021)

RESULTS OF THE PRACTICAL ASSESMENT OF WAVE-INDUCED LIQUEFACTION

Analytical results for the current climate condition. The cyclic stress ratios o calculated
from the observed wave heights (Hi/3 and Hmax) and the observed wave periods (T13 and Tmax) as
described above are plotted against the water depths at the observation stations in Figure 5. This
figure also shows the ranges of the critical cyclic stress ratio (yer= 0.11-0.14 for loose sand beds
and yer = 0.06-0.09 for silt beds). Under conditions when the cyclic stress ratio %o reaches or
exceeds the critical value range of Y., it means that liquefaction could occur under the
corresponding wave conditions.

The yo curve denoted by the blue solid line in Figure 5 represent the results calculated
under the conditions of Hmax= 15m and T = 13s. This curve embraces almost all yo values
corresponding to the observations of Hmax at the water depths between 20m and 120m.

-5-—



Therefore, this curve can be considered as the most conservative cyclic stress ratio yo for current
wave conditions. By comparing this curve with the critical value range of ycr, it is found that
liquefaction could occur up to a water depth of 48m for a loose sand bed, and up to 70m for a silt
bed.

The results calculated under the conditions of significant waves (Hi3= 10m and T = 13s)
are also shown in Figure 5, as denoted by the green dashed line. This curve embraces almost all
xo values corresponding to the observations of His. This curve crosses the .- range of loose
sand beds at/around the water depth of 30 m and the . range of silt beds at/around the water
depth of 50 m. These results indicate that the water depths at liquefaction risk assessed using the
significant wave heights are approximately 20m shallower than the water depths assessed using
Hmax. Since the duration of the significant-wave-height waves is longer than that of the
maximum-wave-height waves, the seabed soils up to the water depths assessed by Hi/3 has a
higher potential of wave-induced liquefaction.
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Figure 5. Practical assessment results of wave-induced liquefaction near the Japanese
coast based on the current wave conditions (Hmax and Hi3).

Analytical results under projected climate change-induced wave conditions. Wave heights
along some areas of Japanese coast are projected to increase due to climate change. The increase
in water depths at liquefaction risk is predicted based on these projections. In the prediction, it is
assumed that the wave steepness remains constant though the increases in wave heights. This
assumption stems from the relation between increase in wave height and occurrence of breaking
waves.



The cyclic stress ratio yo -curve calculated under Hmax= 15 m in Figure 5 has represented
the most conservative cyclic stress ratio o for the current wave conditions. The potential
increase in water depths at liquefaction risk is first assessed based on the predicted 4% increase
in wave heights from the Japanese Ports and Harbours Bureau (Hmax from 15 m to 16.5 m). Since
the wave steepness (H/L) is assumed to be constant with the current waves, the wave length L
also increases by 4%. Accordingly, the cyclic stress ratio xo of the projected wave was calculated
using Equation (5). The results are plotted as the red solid line (Curve No. 2) in Figure 6. In this
figure, the 7o curve from the current wave conditions of Hmax= 15 m is also drawn by a blue
solid line (Curve No. 1). The water depths at liquefaction risk are determined by comparing the
¥o curves to the critical value range of . The results indicate that with a 4% wave height
increase, the water depths where liquefaction could occur may increase only slightly. Indeed, for
sand beds, the water depths at liquefaction risk increases by approximately 4 m (from 48 m to 52
m), whereas for silt beds, they may increase by about 5 m (from 70 m to 75 m).

In contrast, the predicted liquefaction risk under a more extreme yet possible scenario
with a 30% increase in wave height (JMA, 2020; Chowdhury et al., 2019; Reguero et al., 2019)
are shown as the red dashed line (Curve No. 3) in Figure 6. In this scenario, the water depths at
liquefaction risk increase markedly by approximately 15-20 m. For sand beds, the water depths
increase by 14 m (from 52 m to 66 m), whereas for silt beds, they increase by 20 m (from 75 m
to 96 m).
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Figure 6. Practical assessment results of wave-induced liquefaction along the Japanese
coast based on the predicted maximum wave heights under climate change.

Foundations of bottom-mounted offshore wind turbines are typically installed at water
depths of up to 50 meters, whereas anchors for floating offshore wind turbines are set at water
depths greater than 50 meters. In this study, under current climate conditions, the seabed soil
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around the anchors of floating offshore wind turbines is less likely to undergo liquefaction due to
wave action. However, under more severe wave loading as caused by global climate change,
liquefaction could occur in the seabed of both sands and silts around these anchors, leading to the
instability in the foundations of floating offshore wind turbines and cables, as well as significant
scour and erosion around them. Hence, this study shows the importance of properly accounting
for the wave-induced liquefaction in the design as well as management of these offshore
structures amid global climate change.

CONCLUSION

This paper discussed the potential for increased wave-induced liquefaction risk in the seabed
along the Japanese coast due to more severe wave conditions caused by climate change. A
simple and practical assessment method for wave-induced liquefaction was applied, utilizing the
Ocean Wave Information near the Japanese coast (NOWPHAS). The principal conclusions
obtained in this study may be summarized as follows:

(1) The analytical results for the current climate, based on the observed wave heights from
NOWPHAS between 2015 and 2021, indicate that liquefaction could occur in seabed of loose
sands at depths of up to 50 meters, and in silt beds at depths of up to 70 meters.
(2) The increases in water depths at liquefaction risk are predicted based on the projections from
the Japanese Ports and Harbours Bureau . The results indicate that with a 4% wave height increase,
the water depths where liquefaction could occur increase only slightly by 5Sm.
(3) Under a more extreme yet possible scenario with a 30% increase in wave height, the
liquefaction risks increase markedly by approximately 15-20 m increase in water depths. Namely,
for sand beds, the water depths at liquefaction risk increase by 14 m (from 52 m to 66 m), whereas
for silt beds, they increase by 20 m (from 75 m o 96 m), which could potentially lead to the
instability in the foundations of floating offshore wind turbines and cables as well as significant
scour and erosion around them.

The results obtained in this study demonstrate the importance of properly accounting for the
wave-induced liquefaction in the design as well as the management of these offshore structures
amid global climate change.
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