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The purpose of this study was to clarify the nature of instability in a seabed of fine-grained sands under the action of
storm waves. The paper describes the methodology and the results of systematic field measurements performed of
the changes in pore water pressures in the seabed sands at Kouchi port, Japan during the period of six days involving
the passage of Typhoon No.9, 2002. It was found that there occurred the build-up in the residual pore water pressures
at various sand depths shallower than 2.0m when the significant wave heights were greater than 2.0m. The observed
data was further examined by means of the frequency spectral analysis and of the time domain coupled elastoplastic
finite-element analysis. The results show that the process of the seabed instability was closely related to the wave
grouping characteristics which manifested in the field concerned.
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ABSTRACT

Field Observations of the Build-Up and Dissipation of Residual Pore Water
Pressures in Seabed Sands Under the Passage of Storm Waves

S. Sassa†, T. Takayama‡, M. Mizutani§ and D. Tsujio‡

INTRODUCTION

Wave-induced instability of seabed soil has become an
increasingly important subject for research in relation to
sediment transport and to the stability of submarine pipelines
and breakwaters. Liquefaction of seabed soil may be a key
process responsible for such geo-hazards in waterfronts
associated with storm waves or rapid tidal changes. The wave-
induced liquefaction generally have two forms of mechanisms:
namely, cyclic boiling induced by fluctuating pore water
pressures and liquefaction due to the accumulation of residual
pore water pressures. Notably, the liquefaction due to residual
pore water pressures exhibits a highly non-linear behaviour,
since it stems from the cyclic plasticity (tendency for
contraction under cyclic loading) nature of sands. Indeed, the
utilization of centrifuge wave-soil testing with viscous scaling
introduced (S and S , 1999), led to making clear
the process of liquefaction in loose deposits of fine-grained
sand under severe regular wave conditions.

However, the difficulties in taking actual precise
measurements of the behaviour of seabed soil under severe
irregular wave conditions in real oceans have been formidable.
In fact, previous on-site observations of the response of seabed
sands (Z ., 1989; F and S , 2000) were
performed in the area of wave breaking zones with relatively
shallow water depths where the significant wave heights were
equal to 1m or so at most.

The purpose of this study was to clarify the nature of wave-
induced liquefaction of sand beds, on the basis of the systematic
field measurements of water pressures above and pore water
pressures in seabed sands at Kouchi port, Japan under severe
waves in the water depth of 15m. The present study also
investigated the influence of the wave irregularity or wave
grouping characteristics on the process of the seabed instability.

The paper is organized as follows. First, we describe a
methodology of field measurements performed of the response
of seabed sands to high waves. Then, the results of the
continuous observations made associated with Typhoon No. 9,
2002 will be presented and discussed. This will be followed by
describing the frequency spectral analysis to look at the
relationship between the wave grouping characteristics and the
changes in residual pore water pressures. Finally, a discussion
will be made on the mechanism of the seabed instability under
high waves, by performing a range of the time domain coupled
elasto-plastic analysis.

The site of the field observations was the Higashi Daiichi
breakwater site at Kouchi port, Japan (Figure 1). The
construction of the breakwater started in the year of 2001 and is
scheduled to continue until 2008. We took the measurements of
pore water pressures in the seabed soil at the location marked by
No.1 in Figure 1. Water depth was equal to 15m there. The soils
concerned were fine-grained sands with the mean grain
diameter D falling in the range of 0.15-0.20mm. The
uppermost sand layer as thick as 2m was a soft layer where the
soil N-values were less than ten.

In conjunction with the present observations of the free
seabed response at the No.1 site, we started the continuous
observations of the response of the foundation soil below ruble
mounds, wave-dissipating blocks and a caisson at the location
marked by No.2 in Figure 1, from August of 2003. The purpose
of the investigation is to elucidate the mechanism of the
settlement behaviour of breakwaters in the seabed soil. The
results of the investigation will be reported elsewhere in the near
future.

Pore water pressure sensors were installed at five different
sand depths of 0.67m,1.00m,1.33m,1.67m and 2.00m below the
seabed surface, and a water pressure sensor was installed at the
depth 0.5m above the seabed for measuring the wave-induced
fluid pressure fluctuations. The measured data signals were
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Figure 1. Site of the field observations at Kouchi port, Japan.
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transferred through multi-cored cables laid over the seabed, and
recorded in the data logger in the observatory room constructed
on a caisson.

The ON/OFF for measurements was made by radio control
using a portable phone. The entire system made it possible to
take continuous measurements during the period of 6 days with
a sampling rate of 50Hz under severe wave conditions where the
significant wave heights became greater than 2.0m.

For the installation of the pore water pressure sensors in the
seabed soil, we took consideration to fix the sensors in the soil
so as to obtain quantitative measurements, without disturbing
the seabed soils there.The system of the installation of the
sensors employed was as follows: A steel cage cover (3m×3m)
was used to hang five different sensors united with five thin bars
( =25mm) from the top of the cover. The cover itself was
supported in the seabed soil with eight steel piles ( =80mm). A
water pressure sensor was installed on the top of the cover used.

�

�

Method of DataAnalysis

RESULTS OF THE OBSERVATIONS

The observed data were analyzed as follows: a) grouping of
the data for 30 minutes each, b) data characterization by moving
average method, c) calculation of the parameters pertaining to
the seabed instability. Note here that the procedure b) is featured
by dividing the observed data of water pressures and pore water
pressures into three components each as described below.

The observed data of water pressures were divided into the
wave component , the long-wave component and the tide
component The data p represents the component with

the periods longer than 10min., the data does the component
with the periods shorter than 40s. The data represents the
component .

The observed data of pore water pressures were divided
into the water pressure long-period components ( + ), the
fluctuating component and the residual component . The
data represents the component with the periods shorter than
40s. The data represents the component .

The parameters calculated from the observed data were 1)
the fluctuating pore pressure amplitude ratios and 2) the
residual pore pressure ratios at five different soil
depths. Here, the symbol ’ represents the initial vertical
effective stress in the soil horizon concerned.

In association with Typhoon No. 9 2002, we performed
continuous observations during the period of six days from
11:30a.m. on the 24th of July 2002 to 10:30a.m. on the 30th of
July 2002. Typhoon No.9 progressed northwestward from 20 to
27 July, as shown in Figure 2. The lowest central atmospheric
pressure of this Typhoon was equal to 920hPa. When the
Typhoon approached to the Kouchi port, the central
atmospheric pressure became 975hPa. The measured profiles of
fluid pressure fluctuation just above the seabed and of pore
water pressure fluctuation at the soil depth of 0.67m are
shown in Figure 3.

The data was taken from 6:00 to 6:30a.m. on the 25th of July.
It is seen that both of and varied significantly around
15kPa. The associated profiles of the fluctuating component
and the residual component are shown in Figure 4. One can
see that the mean level of the fluctuation of is equal to zero.

The residual component was observed to have accumulated
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Figure 2. Path of Typhoon No.9, 2002.

Figure 3. Measured profiles of (a) water pressure above the
seabed surface and (b) pore water pressure at soil depth of
0.67m.
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Figure 5. Measured time histories of wave-induced fluid
pressure fluctuations p just above the seabed surface.0
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Figure 4. Measured profiles of (a) fluctuating component
and (b) residual component .
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by 0.5kPa in average, exhibiting variations with several cycles.
The peak value of was equal to 0.7kPa for the duration
concerned.

The representative features of the observed data will be
described below.

The measured time histories of the wave-induced fluid
pressure fluctuations just above the seabed surface are
shown in Figure 5. In this figure, the symbols and
denote the maximum and averaged crest-to-trough amplitudes
of during the period of 30 minutes each in the course of the
six days observations. At the start of the observations, t = 0, the
sea was not calm already with = 15kPa. The waves
became severer with time and reached a state with =
39kPa at t = 1.3days. This value corresponds to the wave height
of 4.2m or so. Waves then became milder with time. In fact, for
t 4days, the maximum amplitude 2p decreased to the value
as low as 5kPa, corresponding to the wave height of 0.6m or so.

The measured profiles of pore water pressures at five
different soil depths are shown in Figure 6. It is seen that the
waveform at each depth fluctuated in the period of 14s or so. No
significant difference was observed in the phase of the
waveforms at the five soil depths, indicating that the seabed soil
was essentially in a saturated state at the time of the
observations.

The measured time histories of the fluctuating component
ratios at five different soil depths are shown in Figure 7.

It is seen that the -ratio decreased with increasing
depth below the seabed surface throughout the entire period of
the observations. In fact, the -ratio became as low as
0.85 at the soil depth z= -2.0m. It may be instructive here to note
that with the aid of the poro-elasticity theory (M , 1978;
Y , 1978), the theoretical -ratio at z = -
2.0m was equal to 0.92 under the waves concerned. This may
indicate that the seabed soil did not behave purely elastically as
described below.

The measured time histories of the residual components of
the pore water pressures at five different soil depths are
shown in Figure 8. The maximum and mean values plotted in
this figure correspond to the peak and averaged values
respectively for each measured group of 30 minutes during the
period of six days of the observations. It is seen that there
occurred the residual pore water pressures at all the soil
depths (z = -0.67m, -1.0m, -1.33m, -1.67m, -2.0m) during the
period between t = 0 and t = 2 days. Indeed, at z = -0.67m, the

-value was equal to 0.5kPa already at the start of the
observations, t = 0, and built up with increasing wave heights,
reaching a peak of 0.8kPa or so at t = 1.1 days. It then started to
decrease with time, realizing a state of full dissipation of for
t 2 days. Essentially the same patterns of changes in were
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Figure 6. Measured profiles of pore water pressures at five
different soil depths.
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Figure 7. Measured time histories of at five different
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observed to occur at the other soil depths (z = -1.0m, -1.33m, -
1.67m, -2.0m).

It should be noted here that the observed magnitudes of
described above correspond to the initial vertical effective
stress ' of the soil layer as thick as 100mm at most. This
implies that the uppermost layer of 100mm thickness of the
seabed sands was in a liquefied state under the severest wave
conditions.

For the purpose of looking at the influence of the severity of
wave loading on the tendency for liquefaction, we plotted
in Figure 9 the measured variation of the residual pore pressure
ratio at the soil depth of 0.67m against the cyclic stress
ratio = k ' , that is an index for the severity of wave
loading on the seabed soil. Here k is the wave number and ' is
the submerged unit weight of the soil. Note that the condition
where =1.0 stands for the state of complete liquefaction
at the soil horizon concerned. It is seen in Figure 9 that the
observed ratio developed with increasing , and
reached a peak value of 0.1 at 0.07 (denoted by process
A). Then, the ratio went down with decreasing
and reached zero at 0.02 (denoted by process B). Notably,
the measured performance exhibited a hysteresis where the
observed curve for the dissipation process B plotted below that
for the build-up process A. This may suggest that the tendency
for contraction of the sands decreased after the soil had
experienced the maximum wave heights under the waves
concerned.

The measured magnitude of against , such as
= 0.1 at = 0.07, was found to be consistent with the

results of the centrifuge progressive-wave tests on the loose
deposits of fine-grained sand with viscous scaling introduced
(S and S , 1999).

The observed performance described above showed that
there occurred the residual pore water pressures in the seabed of
fine-grained sands under severe waves when the wave heights
became greater than 2.0m there. It is interesting to note that the
observed residual pore water pressures consisted of the sum of
the component which changed gradually with time in the order
of thousands wave cycles, and of the component which varied in
the order of several wave cycles (see Figure 8).

For the purpose of examining the relationship between the
variations of residual pore water pressures and the wave
grouping characteristics, a frequency spectral analysis was
performed. We considered the envelope of the amplitudes of
wave-induced fluid pressure fluctuations as representing
the wave grouping characteristics. An example envelope of
is shown in Figure 10, together with the corresponding -data.

One can see that the calculated envelope represents the
observed pattern of variation in the -amplitudes. The
frequency spectrums obtained for the - envelope and for the
associated residual pore water pressure at the soil depth of
0.67m are compared in Figure 11. The figure shows that the
form of the frequency spectrum is similar with each other,
suggesting that the variation of the residual pore water pressures
is closely related to the wave grouping characteristics in terms
of the spectrum.

This section describes the results of a range of the time
domain coupled elastoplastic finite-element analysis. The
analysis procedure can realistically describe the cyclic
plasticity of fine-grained sands and the partial drainage
behaviour under waves (S and S , 2001). For the
selection of the material parameters for the present plane-strain
analysis, we referred to the soil constitutive parameters for
Leighton Buzzard fine-grained sand ( = 0.15mm) as
described in Sassa and Sekiguchi (2001). The coefficient of
lateral earth pressure at rest was assumed to be equal to 0.75,
the Darcy coefficient of permeability for the seabed sands

p

p / '

/

p / '

p / '

p / '

p / '

p / '

p

p

p

p

p

p

D

K

k

e

e v0

0max 0max

e v0

v0 0max

e v0 0max

e v0

e v0

0

0

0

0

0

e

50

0

D

(2)

(2)

(1)

(2)

(2)

(2)

(2)

(2)

(1)

(1)

(1)

(1)

(1)

(2)

�

�

� �

�

�

� �

� �

� �

� �

� �

� �

v0

0max

0max

0max

0max

p

E

ASSA EKIGUCHI

ASSA EKIGUCHI

FREQUENCY SPECTRAL ANALYSIS

COUPLED ELASTOPLASTIC FINITE-
ELEMENT ANALYSIS

Field Observations of Residual Pore Water Pressures in Seabed Sands

Figure 10. Envelope of as a wave grouping characteristics.p0

(1)

Figure 12. Comparison between the observed time history of
residual pore water pressure and predicted results from the time
domain coupled elastoplastic finite-element analysis.
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Figure 9. Measured versus relationship at soil
depth of 0.67m.
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Figure 13. Variation of ’ with time as predicted from the
time domain coupled elastoplastic finite-element analysis,
suggesting the mechanism of the seabed instability.
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( = 0.15-0.20mm) was set to be 0.2mm/s with reference to the
-value of 0.15mm/s for Leighton Buzzard sand. The soil

region set for analysis, having a width of 90m and a depth of
40m, was divided into a total of 150 quadrilateral finite
elements. Wave loading was facilitated by imposing the wave-
induced pressure fluctuations defined as = (t) (kx- t)
on the soil surface. Here (t) represents the measured time
histories of the envelope of the wave-induced pressure
fluctuations described above. The wave period of T= 14s and
the wave length of L = 160m were used for the calculations of
k=2 /Land =2 /T.

The predicted time history of the residual pore water pressure
at the soil depth of 2.0m is shown together with the
corresponding observed result in Figure 12. It is seen that the
predicted time history reproduces reasonably well the observed
one for residual pore water pressure.

With the above-described result in mind, we performed
further analysis, with the aim of clarifying the mechanism of the
seabed instability under severer wave conditions. Specifically,
we considered the wave loading 1.5 times as severe as that
imposed for the preceding analysis. The predicted result is
shown in the form of Figure 13. In this figure, the way in which
the vertical effective stress ’ at the soil depth of 2.0m has
varied after 31 hours of wave loading is plotted. Note that the
initial value of ’ there was equal to 19kPa. It is seen in Figure
13 that the ’ -value of the soil has decreased significantly to
the value as low as 10kPa or so from the initial value of 19kPa,
owing to the accumulation of residual pore water pressures
there. One can also observe that the ’ value decreases in the
phase of wave troughs, in contrast to the increase of ’ in the
phase of wave crests, under the severe irregular wave
conditions.

Overall, the predicted performances described above

indicate that the accumulation of residual pore water pressures
has a more profound influence on the stability of the fine-
grained seabed sands than the fluctuating pore water pressures
occurring in the phase of the troughs under waves.

The paper has presented the results of the systematic field
measurements performed for the changes of water/pore water
pressures in the seabed of fine-grained sands at Kouchi port,
Japan under the passage of Typhoon No.9, during the period of 6
days from 11:30a.m. on the 24th of July to 10:30a.m. on the 30th
of July 2002. The principal findings obtained from the present
observations may be summarized as follows.
(a) The observations were able to capture for the first time the
processes of the build-up and dissipation of residual pore water
pressures in a seabed of fine-grained sands under severe wave
conditions.
(b) The observed magnitudes of the residual pore water
pressures at five different soil depths implied that the uppermost
sand layer as thick as 100mm at most was in a liquefied state
under the severest wave conditions where the wave heights
reached 4.0m or larger.
(c) The results of the frequency spectral analysis of the
observed data show that there was a close link between the
variations of the residual pore water pressures and the wave
grouping characteristics which manifested in the field.
(d) A range of the time domain coupled elastoplastic finite-
element analyses were performed by taking account of the
observed time histories of the wave grouping characteristics.
The results indicate that the accumulation of residual pore water
pressures plays a pivotal role in causing the instability of the
loosely deposited seabed of fine-grained sands under severe
storm waves.
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