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This paper aims at demonstrating the occurrence of momentary liquefaction in a sandy 

soil around a coastal structure subject to wave forcing. This was made in the field, using 

as coastal structure a bunker from the Second World War that is currently situated on the 

beach at Capbreton on the Atlantic coast of south-west France. By positioning pressure 
sensors at different levels inside the soil, time series of simultaneous pore pressure 

measurements were acquired while the position of the soil level was monitored. Analysis 

of the pressure measurements demonstrated that the sediment layer on top of the bed 

does not remain continuously in static equilibrium. An upward pressure gradient was 

sometimes observed, which could overcome the effective weight of the sediment. Pore 

pressure variations inside the soil were compared, using a Fourier analysis of the time 

series, with the theory put forward by Sakai et al. (1992) whereby the damping of pore 

pressure variations inside the soil can be quantified. A surprisingly good agreement is 

found when the gas content is adjusted in the model to I%. This indicates the existence 

of a significant amount of gas inside the soil. This property is confirmed in the field by 

gee-endoscopic videos. 
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1. Introduction 

The occurrence of momentary liquefaction of a sandy bed by water waves 

passing over the soil has been described theoretically by various authors, in 

particular Mei and Foda (1981) and Sakai et al. (1992). Equations describing the 

flow in the sandy bed when water gravity waves pass over it show that the 

variation in time and space of the pore pressure is damped with increasing depth 

and are subject to a phase shift as compared with variations at the bed surface. 

The two effects may lead to the occurrence of momentary liquefaction, but, for 

real flow and soil conditions, the phenomenon is highly sensitive to the presence 

of gas inside the soil (Gratiot and Mory 2000). To our knowledge, liquefaction 

produced by surface waves has not been observed in the field. This paper reports 

on a field experiment which aimed at observing liquefaction and scour around a 

coastal structure. The field experiment was carried out at Capbreton on the 

Atlantic coast in south-west France. This beach is subject to very strong wave 

forcing. A bunker from the Second yv orld War which is now situated on the 

beach (due to the significant beach retreat observed there) was used as coastal 

structure. Due to its weight and size, the bunker is representative of coastal 

engineering structures. It is fully emerged at low tide and partially submerged at 

high tide. These conditions offer a reasonable opportunity to investigate also the 

gas content inside the soil during a tidal cycle. 

Four field experiment trials were carried out in 2002 and 2003. Various wave 

conditions were achieved, ranging from calm to very rough waves. The 

experiments were carried out during high tide periods. Various instruments were 

fixed on the bunker that measured flow properties in the water layer, pressure 

variations inside the soil and bed level variations. Time series covering the part 

of the tidal period during which the soil is covered with water were recorded. 

The beach morphodynamics variations over successive tides were measured in 

the vicinity of the bunker using a GPS system and soil geotechnical properties 

were as well determined. Finally, the gas content inside the soil was investigated 

using an endoscopic video camera. Part of the results obtained are in the course 

of publication. The reader should refer to Mory et al. (2005) for a general 

description of the field experiment and to Bonjean et al. (2004) for an account of 

the geotechnical soil properties. We just mention here that the soil is made of 

sand (d/1)=220 Jlfn, d50=350 Jlfn, d91J=500 Jlrrl). In this short paper, we focus on 

the analysis of typical momentary liquefaction events and we demonstrate the 

importance of gas contained in the soil. 
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2. The field experiment setup 

The arrangement of measurement equipment, which was fixed on the bunker, is 

shown in Figure 1. For the data presented in this paper, liquefaction occurrence 

was investigated at a position in front of the bunker which is approximately in 

the middle of the wall facing the ocean. The main device is a vertical beam in 

which 5 pressure sensors (Druck PDCR 4030) and 8 fiber optics systems were 

implemented. The arrangement is sketched in Figure 2. The pressure sensors 

measure the pressure variations inside the soil and in the water layer at five 

different levels with an accuracy in water depth of about 0.3 nun, whereas the 8 

fiber optics systems allow to determine the position of the bed surface with 

regard to the position of pressure sensors. The vertical bar is inserted deeply 

inside the soil. The distance between two neighboring pressure sensors is 30 em. 

Each fiber optics sensor consists of two optical fibers set in parallel inside the 

steel bar, the fiber tips facing outside the bar. One of the fibers is the light 

emitter and the other receives the back-scattered light. The presence or absence 

of soil in front of the sensor is detected from the reflected light level. The 

principle of operation is described in more detail by Bonjean et al. (2004) which 

presents the typical response of an optical sensor during a calibration test. 

Figure I. Photograph of the measurement equipment fixed on the bunker wall facing the sea. 

We do not comment here all measurement apparatus seen in Figure 1, 

because the complete set of data will not be discussed here, but we mention in 

particular a Nortek Vector Acoustic Doppler Velocimeter (ADV) in the water 

layer, and a vertical transparent plexiglas tube (diameter 14 nun) fixed on the 

bunker and extending inside the soil, in which an endoscopic camera can be 

introduced and displaced to visualize inside the soil the presence of gas and the 
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displacement of sand particles. The technique of geoendoscopy was described by 
Breul, (1999). Soil depths ranging from 0 to 1.10 m below the soil surface were 
investigated. 

bunker wall sOil level 
afterseH!p 

...... ( 

Figure 2. Implementation of pressure sensors and fiber optics probes in the bar. 

During each tidal period, the complete set of data for liquefaction events 
detection consists of time series of pressure measurements, of bed level 
displacements at the position of the bar, and of velocity and pressure measured 
in the water layer by the ADV system. A conductivity system was also employed 
during the field experiment to measure bed level displacements, but the results 
are not discussed here. The system is described in another paper presented at the 
ICCE 2004 Conference (Cassen et al. 2004). 

3. Observations of momentary liquefaction in the sandy soil 

Figure 3a presents a time series of the absolute pore pressure measured 
simultaneously by the five pressure sensors. The significant wave height at the 
bunker for this record was about 1.10 m and the water depth 2.0 m. The 
maximum pressure level is recorded by the lowest pressure sensor (P5), while the 
minimum pressure level is recorded by the highest pressure sensor P 1• A detailed 
display of pore pressure variations inside the soil is given since the time series 
covers only a duration of about two wave periods. The three lowest sensors P3, 
P4 and P5 were inside the soil, as shown by bed level measurements (not 
presented here), whereas P1 and P2 were in the water layer or very close to the 
bed surface, respectively. Figure 3a displays clear damping of pressure 
variations with increasing distance inside the soil (from P2 to P5). The pressures 
are converted into water depth and the averaged pressure difference between two 

4



neighboring sensors is about 0.3 m, which is the distance between two 
neighbouring sensors. Different behaviors are observed when considering the 
two wave periods in Figure 3a. During the first period, the sediment layer 
remains in static equilibrium since the pressure difference between two 
successive sensors remains approximately equal to 0.3 m. During the second 
period a sudden and very rapid increase in the pressure measured by pressure 
sensors P1 and P2 is obserired first. While the pressure increases later inside the 
soil, one observes a rapid and strong decrease in pressure at P1 and P2• The 
pressure difference L1P3.2=P3-P2 is about 0.56 m fort= 5444 s (Figure 3b). 

5435 
3a 

3b 

5440 Time(s) 

5440 Time(s) 

5445 5450 
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Figure 3. Typical time series of pressure measurements by the five pressure sensors implemented in 
the vertical bar. 

When the pressure difference exceeds a certain postttve value, it can 
overcome the effective weight of the sediment layer, which is no longer in static 
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equilibrium. The critical pressure difference .t1P3.2=P3-P2 required to overcome 
the effective weight of the soil is 

&3.2 = P3- P2 = P!gh + (p.- PJ) (1- c) gh 
where p. and p1 are the densities of sediment and water, respectively, h the
distance between the two sensors and E the porosity of the soil. Assuming a soil 
porosity c = 0.5, the critical upward pressure difference (converted into water 
depth) required to break the static equilibrium of the sediment layer contained 
between the two sensors is found to be 0.54 m. 

0'---1:-:ooo':-:----:axo�,.----=300-:':-:o:----:4000�--=sa:o::':-:--eo-:-:':oo-:---:71=ooo':-:----:eoco-:':-::----::97-ooo=-=-----=-=1oooo�,.--1:-:1ooo=_, 
time (s) 

Figure 4. Statistics on liquefaction occurrence during a tidal cycle. * , maximum pressure AP3.2; 
solid line : mean water depth ; dashed line : significant wave height. 

Figure 4 presents a statistics of liquefaction events during the 2 hours 30 min 
of a tidal cycle. The maximum pressure difference &3.2 between pressure sensor 
P2 (around the bed surface) and pressure sensor P3 (30 em below P2), the mean 
water depth and the significant wave height are plotted for each liquefaction 
event observed. The critical value of .t1P 3.2 required for liquefaction to occur was 
stated to be 0.54 m. During the 2 hours 30 min considered, 47 liquefaction 
events were observed. The maximum pressure difference &32 is usually less 
than 0.60 m, presumably because liquefaction produces a dilated suspension in 
which the pore pressure rapidly decreases. Because the measured pressure 
difference &32 is not significantly higher than the critical value of 0.54 m, the 
effective occurrence of liquefaction may appear questionable, but we point out 
that this pressure difference is measured between two sensors located at a 
distance of 30 em along a vertical in the soil. This is a significant depth of 
liquefied layer. We expect that more numerous liquefaction events involving a 
sediment layer less than 0.3 m thick did occur but they were not detected. 
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4. A Fourier analysis of pore pressure variations 

The damping of pore pressure variations inside the soil can be quantified using a 
Fourier analysis of pore pressure variations in time. The typical energy density 
spectra S(f) of the pore water pressure measured by the 5 pressure sensors if 
shown in Figure 5. Three simply related frequencies are identified in the 
frequency spectra. The pressure decay inside the soil can be quantified as the 
ratio of the variance of the pressure spectral power density Pi at a location zi 
below the seabed to the value at the bed surface determined from P2• Since the 
two upper sensors P 1 and P :c are in the water layer their power spectra are almost 
the same. The decay functions are plotted in Figure 6a versus frequency. This 
indicates a strong and continuous decay of pore pressure variations with 
increasing depth in the 0.9 m layer of bed considered. The ratio of the pressure 
variance decreases· also with increasing frequency for the different depths 
considered. 

1.5 

0.5 

0o 0.1 0.2 0.3 0.4 Frequency (Hz) 
Figure 5. Energy power density spectra of pore pressure measurements made at five different levels. 

Sakai, Hatanaka and Mase (1992) published a set of equations which 
describe the variation in time of pore pressure in the seabed when a 
monochromatic wave passes over an elastic plane sandy bed. The pore pressure 
variation inside the bed (eq. (3) from Sakai et al.) is written 

[ (H)zl 
P(z) 1 -A.z m ,{26 i(A.x-ot) --= --e + --e e 
Po l+m l+m 

( l) 

A, and cr are the wave number and frequency of the wave propagating in the water 
layer, respectively. The z axis is oriented downward and z=O is at the bed 
surface. The parameters appearing in ( 1) are defined as 
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m =-n_!!_ ' f3 =-1- + Cgas and o = (_!_ G)
l
/2 [nG + 1-2u ]-l/2 

(2) 
1- 2u f3 f3w Pref pg 0" f3 2(1- u) 

The power density spectrum of pressure variations at the different depths 

considered is computed from eq. (1) in a straightforward way. For a bed porosity 

n=0.50, a bed permeability k=2.0 10·4 ms·1, a shear modulus of the solid 

skeleton of the soil G=2 107 Nm"2 and a Poisson modulus v=0.498 the gas 

content to Cg48 was adjusted in order to obtain the best agreement of the plot in 

Figure 6a with the prediction of Sakai model, which is shown in Figure 6b. This 

was obtained for Cgas = 0. 01. Although the academic geometry of Sakai et al. is 

different from ours, the comparison is surprisingly good. As such a gas content 

indicates a significant amount of gas in the soil, this comparison suggests that the 

gas contained in soil might effectively be an important parameter to consider. 
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Figure 6. Ratio of pressure variance inside the bed layer (pressure sensors P3 toPs) to the pressm·e 
variance of pressure sensor P2. 6a: Field data. 6b: Prediction from Sakai et al.'s model. 
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5. Observations of gas inside the soil 

Video camera records were made with the endoscopic camera located at 

different depths inside the plexiglas tube. The video-endoscope provides images 

of a 25 mm2 plane section of the soil, in which sediment particles and bubbles 

are easily distinguished. An example is shown in Figure 7. On this photograph 3 

large bubbles are identified. Recorded images were subjected to signal 

processing in order to analyze the soil automatically and extract information on 

the soil parameters (size of gas bubbles and particles, contact orientations, etc.). 

When the camera is placed sufficiently close below the soil surface, particles 

motions are also observed when waves impact on the bunker. The geo

endoscope can also be used to determine the depth of the mobile layer. The 

reader should refer to Mory et al. (2005) for a general schematic of the geo

endoscope system. 

Figure 7. Endoscopic image inside the soil. Arrows identifY the position of bubbles. 

The "surface gas content ratio", denoted C5, was determined from image 

analysis. It is defined as the ratio of the area filled with gas bubbles to the total 

area of the image. A simple model was given by Mory et al. (2005) which 

express a relationship between the surface gas content ratio Cs and the volume 

gas content Cv, defined as the volume of gas inside a volume of soil. Establishing 

this relationship requires that the depth of focus of video images inside the soil is 

known. Assuming that bubbles are spherical and that the depth of focus is the 

bubble diameter at a position where a bubble is found, the relationship C,,=2Cs 13 
was deduced by Mory et al.. 

The geo-endoscope was used only during a few experiments because of 

limited availability. The wave climate was rather calm on these days. The geo

endoscope found a significant amount gas in the sediment layer from 10 em 

below the soil surface down to 50 em. Surface gas content value as high as 6% 

were determined. A thin sediment layer of about 0.10 m on top of the soil was 

found to be saturated with water. We interpret this feature by the mobility of 
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sand particles near to the bed surface. This mobility helps the bubbles to escape 
from the soil, whereas the bubbles which were formed at low tide were partially 
captured deeper inside the soil. More deeper inside the soil the gas is again seen 
to vanish, presumably because no gas is introduced there at low tide. 

Surface gas content as high as 6% is a significant level. It corresponds to a 
volume gas content in the range of a few percent. This order of magnitude is in 
agreement with the adjusted value obtained from the comparison of pressure 
variations measured inside the soil with Sakai et al. (1992) model. We therefore 
obtain a strong indication that the gas content is a very important parameter for 
describing the processes inside the soil and the possible occurrence of 
liquefaction. 

6. Conclusion 

The results described in the paper were presented more like a summary, because 
most of them have been published or they are in the process of publication. In a 
complementary presentation, we tried here to stress the important conclusions of 
this study. The field experiments carried out at Capbreton aimed primarily at 
observing the occurrence of liquefaction in the vicinity of a coastal structure 
subject to wave forcing. To our knowledge, the phenomenon has not been 
observed before in the field. We did observe liquefaction. It was identified from 
pore pressure measurements inside the soil showing that the sediment layer on 
top of the soil does not remain in static equilibrium. No build-up of pore 
pressure is observed and the phenomenon is interpreted as momentary 
liquefaction. 

The pore pressure measurement installation made it possible to quantify the 
damping of pore pressure variations with increasing distance inside the soil. A 
comparison was made using a Fourier analysis of the measured pressure 
variations with the prediction of Sakai et al. model (1992). When the gas content 
is appropriately adjusted, a striking agreement of the decay of pressure variations 
with depth and with frequency is found between the model and our 
measurements. This suggests that gas content in the soil as high as a few percent 
are present in the sediment layer. 

The presence of gas inside the soil was confirmed by geo-endoscopic videos. 
Bubbles were observed inside the soil and orders of magnitude of gas content of 
a few percent were confirmed. This indicates the very promising features of geo
endoscopy for study liquefaction and more generally water flow and soil 
interactions. 
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