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ABSTRACT 
 
Port structures such as pile supported piers and quay walls are generally face severe conditions, and 
deterioration of port structures is often observed. For an example, at a sheet pile quay wall, sheet pile is a 
structural component which is easily deteriorated by corrosion. As a result of deterioration of sheet pile, the 
backfilled soil could be under tidal action and some part of the backfill soil could be washed out. Suffusion, the 
phenomena of the wash out of fine particles and loosening of soil layer is the matter to be considered in the 
maintenance of a quay wall. Therefore, a health monitoring method for the backfill of a sheet pile quay wall is 
necessary. In this study, the applicability of a surface-wave method for health monitoring of a sheet pile quay 
wall was examined. First, the variation of shear wave velocity in the ground due to suffusion and variation in 
water content is measured by bender element tests. Then, 2D FEM dynamic analysis was conducted for a 
simulation of surface-wave measurement on a sheet pile quay wall. From the result of the analysis, the estimated 
results of shear wave velocity profile by a surface wave method agree with the assumed soil profile in general. 
Finally, surface-waves were measured at a real field of a sheet pile quay wall, and the measured results were 
consistent with the result of the Swedish weight sounding test at the site. Furthermore, the difference between 
the shear wave velocity profiles at ebb tide and that at high tide was successfully measured by the surface wave 
method. Thus, the applicability of the surface wave method for a sheet pile quay wall is demonstrated in this 
study. 
 
KEYWORDS 
 
Health monitoring, surface wave, quay wall, FEM analysis. 
 
INTRODUCTION  
 
Port structures such as pile supported piers and quay walls are usually employed in severe natural condition. In 
such structures, the components made by steels can be easily corroded. As a result of deterioration of steel 
component, the backfilled soil could be under tidal action and some part of the backfill soil could be washed out. 
Suffusion, the phenomena of the wash out of fine particles and loosening of soil layer is a problem to be 
considered in the maintenance of a quay wall. In other word, the condition of the ground is one of the key issues 
to be considered in the health monitoring of quay walls.  
There are several type of technologies to investigate the ground condition. Boring, sampling, soil testing, 
soundings are the common investigation methods often applied for the design of earth structures. These methods 
may be applied for the health monitoring of earth structures either; however, these methods give the information 
only at several points. Considering the fact that the geotechnical profile is inherently inhomogeneous, slight 
difference of the points of survey give the difference in the observed information. Thus, these types of point 
source method are not well adequate for the process of health monitoring. 
On the other hand, there are several types of geophysical probing which give us the cross sectional information 
of the ground. Shear wave logging (i.e., Kitsunezaki 1978a, 1978b), H/V spectrum of microtremor measurement 
(i.e., Nakamura 2000), Spectral analysis of surface waves (SASW)(i.e., Stokoe, et al. 1994) are the typical 
examples. Especially, the method using surface wave induced by artificial impacts with multichannnel 
observation (Hayashi et al. 2001) is quite easy to conduct, and it is adequate for the health monitoring purpose. 
The applicability of surface wave method for earth structures was studied by several researchers. They applied 
this technique for embankments (Takubo et al. 2008; Hinokio et al. 2012) and dams (Yamanaka et al. 2006), 



and there are no records available for the applicability of this method for quay walls. For the examination of the 
application, the effect of the irregular configuration of ground surface (Nakazato et al. 2008) and structural 
component such as sheet piles should be carefully considered. In this study, the applicability of a surface-wave 
method for the health monitoring of a sheet pile quay wall was examined by dynamic FEM analyses and field 
measurements. 
 
THE SURFACE WAVE BASED EXPLORATION METHOD 
 
Propagation of wave in the ground can be classified into several types. Figure 1 shows the types of waves. There 
are two types of body waves: one is P-waves, which is the movement parallel to the direction of propagation, 
and the other is S-waves, which is the movement vertically to the direction of propagation. Surface waves are 
waves travel along the surface of the layers. There are two types of surface waves: Rayleigh waves and Love 
waves. They are also different according to their direction of movement. 
In the surface wave based exploration method, the surface waves (Rayleigh waves) are produced by an artificial 
impact or vibration. Then, the time difference of propagating the Rayleigh waves (phase velocity) is measured 
from two or more receivers which are located at the ground surface. Assuming the ground is horizontally 
uniform, the dispersion curve (the relationship between the phase velocity and frequency) is obtained from the 
observation, and the underground structure (soil profile) of the shear wave velocity in the ground is estimated. 
Hayashi et al. (2001) proposed a convenient scheme and an equipment to conduct the surface wave based 
exploration method. Figure 2 shows the diagrammatic illustration of the proposed multi-channel surface wave 
exploration system. He compared the measured results of shear wave velocity to the PS logging (shear wave 
velocity), and the standard penetration test (N-value). The comparison of the PS logging (shear wave velocity), 
the standard penetration test (N-value), and the surface wave exploration (shear wave velocity) are shown in 
Figure 3. Since there is little difference between the results, it can be considered that the results of the surface 
wave based exploration are reliable. 
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Figure 1. The types of waves in the ground 

 
Figure 2. Multi-channel method for surface wave 

exploration (Hayashi et al. 2001) 
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Figure 3.The comparison of the PS logging, the standard penetration test and the surface wave exploration 

(Hayashi et al. 2001) 
 
However, the method assumes the ground is horizontally uniform. Therefore, in the application of the method in 
practice, the effect of irregular configuration of ground surface, the effect of the vibration in structural 
component such as sheet piles in the ground is carefully considered. Furthermore, in Figure 3, there is a slight 
difference in the estimation by surface wave and that by other method. In the application of the method for a 



health monitoring purpose, the sensitivity and stationarity of the results obtained by the method should be 
carefully investigated. 
 
VARIATION OF THE SHEAR WAVE VELOCITY IN THE GROUND 
 
The shear wave velocity varies with the ground conditions such as density and water content. In order to observe 
the variation of shear wave velocity, bender element test was conducted to examine the relationship between 
shear wave velocity and water content, and the relationship between shear wave velocity and fine content. A 
bender element (Figure 4) is a shear wave velocity sensor whose size is about 3 cm. It is installed in a soil 
specimen to measure the traveling time of shear wave in the specimen as shown in Figure 5. 
We conducted two series of bender element tests. One was for variations in shear wave velocity due to increases 
in water content. This often happens when the drainage function in an embankment or retaining wall is lost. The 
other test was for variations in shear wave velocity due to decreases in fine fraction. This can be happened when 
the drainage function works too much, and fines in the ground outflow. 
The procedure for the test with an increase in water content is as follows. First, Toyoura sand was compacted, 
and the bender elements were placed in the soil tank. Then rain water was added to the tank for several hours, 
using the rainfall apparatus, and the shear wave velocity was measured using the bender elements in two 
minutes intervals. A seepage analysis (HYDRUS; PC-PROGRESS 2012) was used to estimate the water content, 
because the water content cannot be measured directly. The intensities of rainfall were each 6.6 mm/hr and 
15.83 mm/hr, and the rainfall duration was 90 minutes. Figure 6 shows the test results. It is the relationship 
between the shear wave velocity and the water content. Decreases in the shear wave velocity were observed 
with increases in the water content of the ground. 
The procedure for the test with a decrease in fine fraction is as follows. First, decomposed granite soil was 
compacted and the bender elements were placed in the tank. In this experiment, a mesh was set at the bottom of 
the specimen to make the fine fraction outflow, and a box which catches the water and fine fraction was set at 
the bottom of the specimen (Figure 7). As shown in Figure 8, water was added to the top of the specimen, using 
a circulation pump for 15 days. Also, the shear wave velocity was measured every day by using the bender 
element. The mass of fine fraction which flowed out was measured once a day using filtration. In this study, we 
define the rate of fine fraction flowing out from the specimen as a percentage of mass of flowing out fine 
fraction [g] in the total of mass of the initial fine fraction [g]. The result is shown in Figure 9. Decreases in the 
shear wave velocity were observed with decreases in the fine fraction content. When the water washed away the 
fine fraction, the large grains which were bounded by the fine fraction were often released. Consequently, the 
large grains may easily move around in the ground. This results in a decrease in shear stiffness, and also results 
in a decrease in shear wave velocity. 
Thus, the variation of the shear wave velocity was observed in the test. It indicates the shear wave velocity 
measurement in the ground could be a health monitoring method since the increase of water content often 
induced by the malfunction of drainage of retaining wall and the decrease of fine fraction often induced by the 
unexpected water flow in the ground. For a sheet pile quay wall, the variation of the water content in the ground 
is often induced by the tidal effect, and the decrease of fine content in the ground could be induced by 
unexpected looseness of the sheet pile wall. 
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Figure 4. A set of bender elements                     Figure 5. The set up of bender element 
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Figure 6. The relationship between the shear 
wave  velocity and the water content 

Figure 7. The soil tank for the test with fine fraction 
outflow 
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Figure 8. The experiment set up for the test with 
fine fraction outflow 

Figure 9. The relationship between the fine fractions 
flowing out from the specimen and  the shear wave 

velocity 
 
SIMULATION OF SURFACE WAVE METHOD BY FEM ANALYSIS 
 
In this study, the multi-channel surface wave measurement method using impulsive source by hammer shock 
was considered as a typical surface wave based method. In order to discuss the applicability of the method to 
sheet pile quay walls, a sheet pile quay wall in Hiroshima Prefecture, Japan, was selected as the field. Figure 10 
shows the location of the survey lines. Figure 11 shows the cross section of the quay wall. Figure 12 shows an 
example of the geophone (vibration sensor) arrangement on the quay wall. An example of the geophone is 
shown in Figure 13. Total 24 geophones were installed with 1 m intervals. With this arrangement of geophones, 
we can estimate the geotechnical profile up to 12 m depth. Total 25 impulses were given by hammer shock and 
the data from 24 geophones were used in this method. 
We modelled the target quay wall for 2D FEM. The FEM modelling is shown in Figure 14. Since the shaking is 
small, the soil is modelled as elastic material. Considering the effect of concrete pavement, concrete pile head 
and sheet piles, irregular shape of ground surface, 6 cases of analyses shown in Table 1 were conducted. The 
case 6 is a simple model for completely uniform horizontal flat soil layers without the quay wall. The sheet pile 
is modelled as a beam element. The parameters for the soil and the sheet pile are shown in Tables 2 and 3, 
respectively. The tie rod was modelled as a spring with a spring coefficient 660,000 kN/m. The tie rod only 
supports the tension force and do not transfer pressing force. A dynamic FEM code ‘FLIP’ was used for the 
analysis (Iai et al. 1990). Side boundaries are modelled as viscous boundaries, and the bottom boundary was 
fixed. In the simulation, half sinusoidal wave of 1 kN were given in 0.1 second at each node for the impact. An 
example of the simulated surface wave is shown in Figure 15. 1024 data at each observation points is used for 
the evaluation of phase velocity profiles. The observed phase velocities are summarized as the dispersion curve 
for each geophone position (CMP location), and geotechnical profile is back fitted to the observed dispersion 
curves. The detailed procedure of the back calculation is summarized in the reference (Hayashi 2001). 
As an example of the analysis, the dispersion curve at the center (CMP location 12.0 m) is shown in Figure 16. 
For the uniform ground in case 6, the phase velocity is almost constant. The phase velocity is about 91 % of the 
assumed shear wave velocity, and it is theoretically correct. Thus, the simulation is enough accurate to consider 
the behavior of surface waves. And in this Figure, cases 1, 2, and 5 shows the different tendency. It indicates 
that the concrete pavement significantly affect the dispersion curve. Considering the high rigidity of the concrete, 
shear wave velocity around the ground surface should be very high and these results are quite consistent. The 
estimated shear wave velocity profile is shown in Figure 17. The shear wave velocity in cases 1, 2 and 5 were 

  



large at not only around the ground surface but also in deep layers. It could be due to the decrease of S/N ratio in 
the observation at the concrete pavement. The effect of sheet pile and irregular shape of ground surface is not 
significant. 
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Figure 10. A sheet pile quay wall and survey lines 
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Figure 11. The cross section of the sheet pile quay wall 

 
 

 

 

 
Figure12. An example of the geophone (vibration 

sensor) arrangement on the quay wall 
Figure 13. An example of the geophone (vibration 

sensor) 
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Figure 14. FEM modeling for the simulation of surface wave exploration 
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Figure 15. An example of simulated surface wave (impact was given at 11.5 m CMP location) 

 
Table 1. Analysis cases 

Case No. Concrete pavement Sheet pile and 
 concrete pile head 

Irregular shape of  
 ground surface 

Case 1 Modeled Modeled Modeled (Straight wall at sea side) 
Case 2 Modeled None Modeled (Straight wall at sea side) 
Case 3 None Modeled Modeled (Straight wall at sea side) 
Case 4 None None Modeled (Straight wall at sea side) 
Case 5 Modeled None None (Horizontally flat) 
Case 6 None None None (Horizontally flat) 

 
 
  



 
Table 2. Parameters for FEM analysis (elastic materials) Table 3. Parameters for FEM analysis (sheet piles) 

Materials Vs (m/s) ρ (t/m3) E (kN/m2)

Upper reclamation
(above ground water level) 120 1.8 68,947

Upper reclamation 120 2.0 76,608

Lower reclamation 130 2.0 89,908

Filled sand 130 2.0 89,908

Rubbles 300 2.0 478,800

Replace sand 160 2.0 136,192

Original clay layer 160 2.0 136,192

Concrete pavement - 2.3 22,000,000

Concrete pile head - 2.3 22,000,000  

Materials ρ (t/m3) ν G (kN/m2) I
(m4)

Sheet pile 7.85 0.3 76,920,000 0.00055

Anchorage sheet pile 7.85 0.3 76,920,000 0.00017  
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Figure 16. An example of dispersion curve (At the 
center of the survey line) 

Figure 17. Estimated shear wave velocity profile 
(At the center of the survey line) 

 
FIELD MEASURMENT RESULTS 
 
Field measurement was conducted to verify the FEM analysis. In the field measurement, 24 geophones were 
placed on the pavement of quay wall with craft clay. An example of the recorded waves is shown in Figure 18. 
Surface waves by a hammer shock were successfully observed in the measurement. 
An example of the obtained dispersion curve is shown in Figure 19. This is for the center of the survey line “S” 
shown in Figure 10. The measurements were carried out twice, corresponding to the high tide and ebb tide. A 
slight difference was observed. Shear wave profiles obtained from these two dispersion curves are shown in 
Figure 20. It indicates the shear wave velocity is low for the high tide case, and this difference is most 
significant at the level of ground water. It is consistent with the bender element test results showing the decrease 
of shear wave velocity with the increase in water content. Thus, surface wave based exploration method can 
identify the variation of the ground water content condition. Note the decrease of the shear wave velocity profile 
in deep layer in high tide case might be due to the decrease of confining effective stress. 
At this site, the Swedish weight sounding test was conducted. SPT-N value can be estimated by the results of the 
Swedish weight sounding test, and shear wave velocities can be estimated by SPT-N values. Figure 21 shows 
the estimated results. The shear wave velocity at the site is around 120-180 m/s as shown in Figure 21. Since the 
Swedish weight sounding test was conducted after 2 m of excavation, the estimated shear wave velocity from 
the Swedish weight sounding test should be corrected to consider the difference in confining pressure. The 
estimated shear wave velocity profile is shown in Figure 22, comparing with the surface wave measurement 
results for survey line “P”, “Q”, and “S” in Figure 10. The results of surface wave measurement are almost same 
at these survey lines, and these are consistent with the estimated shear wave velocity from the Swedish weight 
sounding test. Therefore, it can be concluded that the surface wave based exploration method is applicable for 
sheet pile quay walls with same accuracy as Swedish sounding test. 
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Figure 18. An example of observed surface waves in the field measurement 
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Figure 19. Obtained dispersion curve from the 
measurement (At the center of the survey line) 

Figure 20. Shear wave velocity profile from the 
measurement (At the center of the survey line) 
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Figure 21. The result of the Swedish weight sounding test at the site and shear wave velocity estimation 
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Figure 22. The results of the Swedish weight sounding test and the surface wave measurements 

 
CONCLUSIONS 
 
In this study the applicability of the surface wave exploration method as a health monitoring method of sheet 
pile quay walls was examined. Following conclusions are drawn. 
 
(1) The variations in shear wave velocity in the ground were observed with increases in water content and with 

the decreases in fine fraction. 
 
(2) FEM analysis reveals that the concrete pavement affect the dispersion curve of surface waves significantly. 

This effect is at not only around the ground surface but also in deep layers. It could be due to the decrease of 
S/N ratio in the observation at the concrete pavement. The effect of sheet pile and irregular shape of ground 
surface is not significant. 

 
(3) From the field measurements at ebb tide and high tide, it is confirmed that the surface wave based 

exploration method can identify the variation of the ground water content condition. 
 
(4) The results of surface wave measurement at several survey lines in the field are almost same, and these are 

consistent with the estimated shear wave velocity from the Swedish weight sounding test. Therefore, it can 
be concluded that the surface wave based exploration method can be successfully applied to for sheet pile 
quay walls. 
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