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ABSTRACT 
 
     The Saemangeum Development Project is an on-going national project in South 
Korea that aims to build a global city by creating 291 km2 of reclaimed land and a lake 
as large as 118 km2. However, reclaimed lands are known to be vulnerable to 
liquefaction especially if the reclaimed deposits are not properly treated by soil 
improvement methods. In this study, a shaking table test of a geotextile tube-reinforced 
embankment scale model laid on Saemangeum dredged soil, which is classified as silty 
sand (SM) and is most liquefiable, was conducted. The behavior of unreinforced and 
reinforced shallow foundations that were laid on top of the embankment were also 
explored. The results of the study showed that liquefaction of the model first occurred 
outside of the embankment. An immediate rise of the water pressure inside the zone of 
the embankment was then observed as water seeped into from outside of the 
embankment. In addition, as the shear strain increased or as the excess pore water 
pressure increased, the shear modulus decreased. Larger shear stresses or shear 
strains were also observed at larger effective stresses for the soil inside the 
embankment. Therefore, the liquefaction of the soil outside the embankment greatly 
affected the behavior of the embankment and can cause significant lateral spreading. A 
sinking behavior was observed for the shallow foundations and the geotextile tube 
reinforcements during liquefaction while the ground surface of the embankment 
experienced excessive shear strains. Furthermore, larger foundation settlements 
started to occur earlier for the foundation without the geotextile reinforcement at a 
longer duration in comparison to the reinforced foundation. 
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1. INTRODUCTION 
 
     The Saemangeum sea wall, the world’s longest sea dike at 33.9 km, was 
completed on April 27, 2010 in South Korea. The seawall was the first phase of the 
Saemangeum reclamation project which aims to develop a global city, an industrial 
zone, and an agricultural zone by creating 283 km2 of new land and a lake as large as 
118 km2. To allow continued development of social infrastructures, a metropolitan 
transportation system comprising of roads, railways, ports, and airports, is to be 
established. In recent times, alternatives to conventional rock and concrete materials 
have been sought after in coastal and shoreline projects. Offshore and nearshore 
dredging has been proven to be an efficient, convenient, economical, less harmful to 
the environment than quarrying rocks from distant mountains. Because of their low cost, 
ease of installation, and dismantlement, geosynthetic tubes have been widely used in 
hydraulic and marine applications. In an effort to employ eco-friendly construction 
methods, geotextile tubes were used as temporary dikes in a bridge project at 
Saemangeum located on the North-South 2nd Axis, as shown in Fig. 1. These 
temporary dikes were used to create a 3.0 km long artificial land which will help 
facilitate in the construction of the foundation of the 2.0 km long bridge. 
     However, reclaimed lands are known to be vulnerable to liquefaction especially if 
the reclaimed deposits are not properly treated by soil improvement methods. Cyclic 
shear loading, which transpires from a number of sources including earthquakes, 
machine vibration, and wave loading, can induce pore pressure rise in saturated sands, 
and ultimately liquefaction, causing severe damage to structures (Byrne 1991). Due to 
the recent occurrence of a 5.4 magnitude earthquake in Pohang, South Korea, a 
multitude of studies have been conducted on earthquake-related topics in the country. 
However, shaking table testing on the liquefaction of soil is limited in South Korea. For 
this purpose, an investigative study on the liquefaction of a geotextile-tube reinforced 
embankment laid on Saemangeum dredged soil, which is classified as silty sand (SM) 
and is most liquefiable, was conducted by means of a shaking table test. In addition, 
the behavior of unreinforced and reinforced shallow foundations that were laid on top of 
the embankment were also explored. Through the shaking table test, better 
understanding of the liquefaction mechanism can be established. 
 
 

 
Fig. 1. Geotextile tubes used as temporary dikes at Saemangeum 

   
 



The 2019 World Congress on 
Advances in Structural Engineering and Mechanics (ASEM19)
Jeju Island, Korea, September 17 - 21, 2019

  

2. SHAKING TABLE TEST SETUP AND MATERIALS 
 
     A shaking table apparatus was developed in Gunsan, South Korea at Kunsan 
National University. The soil sample used in the test was Saemangeum dredged soil, 
which was obtained from an estuarine tidal flat in Gunsan city on the coast of the 
Yellow Sea in South Korea. The properties and the particle size distribution curve of the 
Saemangeum dredged soil are shown in Table 1 and Fig. 2, respectively. As shown in 
Fig. 2, the Saemangeum silty sand is categorized as most liquefiable soil. 
 
 
Table 1. Properties of Saemangeum dredged soil 

Property Unit Quantity 

Specific gravity, Gs NA 2.71 
Percent passing #200 sieve % 26.2 
Soil classification (USCS) NA SM 
Void ratio in loosest state, emax NA 1.37 
Void ratio in densest state, emin NA 0.68 
Relative density, Dr % 50 

 

 
Fig. 2. Particle size distribution curve of Saemangeum dredged soil 

 
 
     The shaking table and scale model test setup is shown in Fig. 3. Instead of rollers, 
the table is supported by 12 springs to allow vertical and horizontal movements. 
Although, the table could move in three directions (x, y, z), transverse movement was 
restricted by installing cylindrical bars to achieve a plane strain condition. Glass strips 
were installed at the sides of the table near the location of the cylindrical bars to reduce 
friction between the bars and the table. For easy transportation or relocation of the 
apparatus, rollers or wheels were installed at the bottom of the shaking table. To secure 
the apparatus in place, as well as to balance or level the table, balance rods were also 
installed as shown, which can be adjusted by rotation to be able to increase or 
decrease the elevation of the table. The motion of the shaking table is powered by a 
DC geared motor in which the maximum frequency and horizontal motion at the base of 
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the table are 3 Hz and 5 cm, respectively. The speed of the motor is regulated via a 
speed controller while the horizontal displacement at the base can be varied by 
modifying the adjustable rod that connected the shaking table and the crank. 
     On top of the shaking table is a test tank having dimensions of 3.0 m in length, 0.7 
m in height, and 0.7 m in width. At the bottom of the test tank, three translucent hoses 
were installed at equal space intervals to allow checking and adjustment of the water 
table. For easy viewing of the test specimen, the front and back of the test tank were 
made of transparent glass. Styrofoam with thickness of 2 cm were placed within the 
box at the sides to allow shear deformation of the sand during vibration. Before placing 
the soil sample in the tank, the inner walls were lubricated to minimize soil adhesion. A 
total of 11 pore water pressure gauges, 7 soil pressure gauges, and 5 accelerometers 
were used in the test. The sensors were placed in the manner as shown in Fig. 4 and 
were connected to data loggers that transmit the data readings into computers. Before 
placing the soil sample, vertical soil pressure gauges (SPV1) and pore pressure 
gauges (PP1) were placed at the bottom of the tank and horizontal soil pressure 
gauges (SPH1, SPH2, SPH3) were attached at the sides of the walls. 
 
 

 
Fig. 3. Shaking table and scale model test setup 

 

 
Fig. 4. Sensor locations and labels 
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3. RESULTS 
 
     The predominant frequency and period in the shaking test were 1.25 Hz and 0.80 
s, respectively, as shown in Fig. 5. The recorded horizontal and vertical accelerations 
during shaking are shown in Figs. 6 and 7, respectively. The shaking table was excited 
in the longitudinal direction at a base motion of 0.15g, as shown in Fig. 6a. Looking at 
the surface accelerations (A2), sharp response accelerations occurred earlier at 
location A at about 180 seconds, indicating that liquefaction of the model occurred first 
outside of the embankment. The reason for this is that overburden pressure outside of 
the embankment is smaller in comparison to the soil under the embankment. Since the 
soil outside of the embankment started to weaken, triggering large displacements and 
loss of bearing capacity, the geotextile tube reinforcement was also displaced 
horizontally as well as vertically. Due to the rise of water outside of the embankment 
and due to geotextile tube displacement, water possibly migrated into embankment soil, 
and as a result, the shallow foundations started to settle. 
 

 
Fig. 5. Fourier spectrum showing a predominant frequency of 1.25 Hz 

 
     Sharp vertical accelerations were observed at about 190 seconds as shown in 
Figs. 7b and 7c. In addition, it is evident that larger foundation settlements started to 
occur in location B at about 190 seconds at a longer duration than at location D, 
wherein large foundation settlements only started occur at about 230 seconds. At the 
end of shaking, the foundation at location B settled to about 13 cm while the foundation 
at location D settled to about 10 cm. Larger horizontal accelerations were also 
observed in the embankment soil in comparison to the soil outside of the embankment. 
Furthermore, the horizontal acceleration at the surface of location C were excessively 
large. The reason for this is that the accelerometer was placed in the open ground, 
allowing it to freely move horizontally in comparison to the accelerometers in locations 
B and D, in which the distinct movement is in the vertical direction (settlement of the 
foundation). Comparing the horizontal accelerations at location B and D, large 
accelerations occurred at longer durations in location B than at location D. This could 
be due to the reinforcement and improvement of the foundation soil in location D. 
 
 
 



The 2019 World Congress on 
Advances in Structural Engineering and Mechanics (ASEM19)
Jeju Island, Korea, September 17 - 21, 2019

  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 6. Recorded horizontal accelerations: a) A1-C, b) A2-A, c) A2-B, d) A2-C, and e) 
A2-D 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 7. Recorded vertical accelerations: a) A1-C, b) A2-B, and c) A2-D 
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A sample plot of the variation of shear modulus (G) with shear strain (γ) at PP3 is 
shown in Fig. 8. The results show that G decreases as shear strain increases. Hence, 
as the soil begins to liquefy, it becomes less resistant to shearing deformation. The 
results also show that the maximum shear modulus (Gmax) is smallest at location A 
since the overburden pressure at PP3-A is smaller in comparison to the overburden 
pressures at PP3-B, PP3-C, and PP3-D. Gmax at PP3-B, PP3-C, and PP3-D fall in the 
range of 38-48 MPa with Gmax being the largest at PP3-D, which may be a result of 
the reinforcement and improvement of the foundation soil. 

 
 

 
Fig. 8. Variation of shear modulus (G) with shear strain (γ) at PP3 

 
 
     Data readings from the pore pressure gauges at various locations are shown in 
Figs. 9 and 10. The excess pore water pressures at location A reached average peak 
values at about 165 s while at location B and D, average peak values were realized at 
about 180-220 s. Comparing the bottom excess pore water pressures (PP1), as shown 
in Fig. 10, the average peak values at locations B and D are about 1.5 times more than 
at location A. This is due to the fact that the height of the liquefiable soil was larger at 
these locations especially since the embankment was partially saturated. Similar to the 
readings obtained from the accelerometers, results suggest that ultimate soil 
weakening occurred first at location A, followed by location B, and lastly by location D. 
The excess pore water pressures at location A are initially larger than at locations B 
and D. As time elapsed, the excess pore water pressures at locations B and D started 
to slowly exceed location A. This is because the initial effective stress and the 
liquefiable height were larger at locations B and D than at location A. The increase in 
the excess pore water pressure outside of the embankment may have also contributed 
in the immediate rise of the pore water pressure inside the zone of the embankment. It 
can be observed at t = 200 s, the excess pore water pressure at location A exceeded 
the initial effective stress while the excess pore water pressure at location B was about 
67% of the initial effective stress. If we look at the excess pore water pressures at PP3-
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B, PP3-D, PP4-B, and PP4-D, a sudden rise in the excess pore water could be 
observed at about t = 180 s. This was the point in time where location A started to 
liquefy. Before this point in time, the rate of excess pore water pressure generation was 
low. 
 
 

 
(a) 

 
(b) 

 
(c) 

Fig. 9. Variation of excess pore water pressure at various locations: a) location A, b) 
location B, and c) location D 

 

 
Fig. 10. Bottom excess pore water pressures 
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4. CONCLUSIONS 
 
     In this study, a shaking table test of a geotextile tube-reinforced embankment 
scale model laid on Saemangeum dredged soil, which is classified as silty sand (SM) 
and is most liquefiable, was conducted. The behavior of unreinforced and reinforced 
shallow foundations that were laid on top of the embankment were also explored. 
Based on the results of the experiment, the following conclusions are drawn: 
 

 Liquefaction of the model occurred first outside of the embankment. 

 Larger foundation settlements started to occur earlier in location B at a longer 
duration than at location D. 

 The horizontal accelerations at the ground surface of the embankment were 
excessively large. 

 Shear modulus decreases as shear strain increases or as the excess pore water 
pressure increases. 

 The increase in the excess pore water pressure outside of the embankment may 
have also contributed in the immediate rise of the pore water pressure inside the 
zone of the embankment. 
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