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ABSTRACT 
Sand boiling and liquefaction-induced damage occurred substantially in houses and infrastructures in Urayasu City 
during the 2011 Tohoku Earthquake, Japan. During this earthquake, the liquefaction-induced damage was concentrated 
in the areas that had been constructed by the recent reclamation works. After the earthquake, extensive site 
investigations were conducted in the affected areas and a newly developed soil sampler called GS sampler was 
employed to collect undisturbed samples of liquefiable soils. The collected samples of good quality were tested in the 
laboratory to determine the liquefaction resistance. The conducted undrained cyclic triaxial tests on liquefaction 
resistance was associated with less expensive and simpler in-situ procedures, such as standard penetration tests on N 
value and fines content as well as PS logging on S-wave propagation velocity that provided a large number of data at 
many sites. Based on the extensive site investigations in the affected areas, the present paper discusses the liquefaction 
resistance of saturated sands to show that the two kinds of liquefaction resistance obtained by laboratory tests and 
assessed by in-situ tests, are in good agreement, and thus the use of current design code using N value and fines 
content is justified. Furthermore, there is a good correlation between N value and S-wave velocity if soil type is 

accurately recognized. 
 
 
1 INTRODUCTION 
 
The March11, 2011 Tohoku Earthquake (officially named 
the 2011 off the Pacific coast of Tohoku Earthquake, by 
the Japanese Meteorological Agency; also known as the 
Great East Japan Earth-quake Disaster), Japan, caused 
extensive and widely-spread liquefaction in Kanto and 
Tohoku regions of Japan (Urayasu City 2012), which 
induced various types of damage (Ishihara et al. 2014). 

Since then, a large number of studies have been 
conducted to reveal the effects of earthquake ground 
motion on the liquefaction occurrence, properties of 
liquefied soil deposits and the characteristics of the 
liquefaction-induced damage. As a case history paper, 
results from surveys conducted as a part of the activities 
of the committee of the Urayasu City are summarized 
herein, which focus on the liquefaction resistance of 
saturated sand in the district of Naka-machi in Urayasu 
City. This paper is reported the results geotechnical 
investigation after outlining the damage characteristics 
and history of the affected areas.  

The research interest lies in the liquefaction resistance 
of reclaimed and Holocene sandy soil layers and the 
relationship between the resistance obtained by elaborate 
data obtained by cyclic undrained triaxial tests and such 
fundamental field data as SPT-N value (JIS, 2013), fines 

content and S-wave velocity by PS logging. 
 
 

2 OUTLINE OF DAMAGE CHARACTERISTICS AND 
HISTORY OF THE AFFECTED AREAS 

 
Figure 1 illustrates a map of Naka-machi in Urayasu City. 
The areas of heavy liquefaction damage are indicated by 
darker color. In Urayasu City, 9,155 houses in total were 
affected by the 2011 earthquake (Urayasu City 2012) and 
many of them were located in the Naka-machi area where 
liquefaction took place. Such house damage was 
accompanied by sand boiling (Figure 2).  
 
 
3 RESULTS FROM GEOTECHNICAL 

INVESTIGATION 
 
3.1 Boring survey and in-situ tests 
 
After the earthquake, site investigations was carried out in 
the areas damaged by soil liquefaction as shown in Figure 
3, such as 119 borehole surveys, 360 sounding tests and 
17 PS-loggings in the boreholes. The sounding tests were 
used a newly developed intelligent-type Piezo Drive Cone 
(iPDC) penetrometer (Sawada et al. 2009). 

Figure 4 shows the typical soil profile in BT2 area in 
Figure 3. The profile in this figure was assessed by using 
the borehole survey data and iPDC penetrometer results. 
Below the surface sandy soil (Bs), that is fundamentally 
clean sand, exists another sandy soil layer (Fs) that 
consists of fine sand and silt.  



 

 Fs layer corresponds to the reclaimed sandy soil 
deposits. The ground water levels are in Bs layer (at a 
depth of about 1m). Below Bs, Fs and Fc (reclaimed soils) 
and As1, As2, Asc and Ac1 layers (Holocene soils) are 
down to the depth of about 50m. The results of iPDC 
penetrometer show in figure 4 by the location number with 
a suffix of "p". The graphs in this figure shows the 
variation with depth of Nd value (iPDC penetration 
resistance) and the gray line reveals the the fines content 
Fc estimated by iPDC.  

3.2 Undisturbed Soil Sampling 
 
The GS sampler (Atec, 2016) can collect samples of 
loose sandy soil with minimized disturbances. In the 
present study, 235 samples were collected from the Fs 
and the as layers.  Figure 5 shows the relationship 
between the S-wave velocities of undisturbed samples 
obtained in the laboratory (Vs_lab.) using the bender 
element (JGS 2014) and the S-wave velocity (Vs_PS) 
determined by the in-situ PS logging. The Vs_lab are 

Figure 1. Sites of liquefaction-induced damage in 
Urayasu City. 

Figure 2. Residential house affected by liquefaction. 

Figure 3. Location of geotechnical investigation. 

 
 



 

reasonable agreement with Vs_PS. Figure 6 shows typical 
X-ray photographs of samples taken continuously along 
collected samples. In these photographs, stripe 
sedimentary structures are visible not only in the 
reclaimed Fc layer but also in the Holocene As layer. 
Moreover, it deserves attention that the pattern of stripe is 
inclined to different extents, depending on depth. On the 
other hand, the striped pattern disappeared in the depth 
range of G.L.-4.80m to G.L.-6.10m. This range 
corresponds to the lower part of land reclamation (Fs: 
sandy soil) and the Holocene sandy soil. It is therefore 
reasonable that liquefaction phenomenon and the induced 
water flow (boiling) towards the surface destroyed the 
stripe structure in liquefied sand.  
 
3.3 Liquefaction resistance of saturated sand 
 
Figure 7 compares the liquefaction resistance 0.57RL15 

Figure 4. Typical soil profile in BT2 area. 
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Figure 5. Comparison of S-wave velocity Vs between PS 

logging and laboratory tests. 
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Figure 6. Typical X-ray photographs of undisturbed samples collected by GS sampler. 



 

obtained by the cyclic undrained triaxial test and the 
liquefaction resistance R calculated from N value and Fc 
based on the Recommendations for Design of Building 
Foundations (AIJ 2001). The parameter, 0.57, stands for 
a correction for the effects of anisotropic stress state, 
multi-directionality of the seismic motion and the 
anisotropic stress states in the field. There show good 
correlation in all relationships. The numbers in the legend 
(Vs_lab/Vs_PS) stands for the ratio of S-wave velocities 

obtained for laboratory-tested samples (bender element 
tests; Vs_lab) and the field values obtained by PS logging 
(Vs_PS). The ratios of S-wave velocity between laboratory 
and field indicate sample disturbance in the micro-strain 
region. The factor of disturbances are the effects of, for 
example, sampling procedure, the stress relief when 
recovered out of the ground, the vibration during field 
works and transport to the laboratory, the compression 
during extruding from the liner and the molding of the 
specimen. The data in this figure implies that those 
disturbances hardly affected the quality of undisturbed soil 
samples. Thus, this figure shows that the employed GS 
sampler was able to provide good-quality soils samples 
for liquefaction tests in the laboratory.  

4 DISCUSSION ON LIQUEFACTION 
VULNERABILITY OF SOILS AND SITE 
CHARACTERIZATION 

 
4.1 Shear Modulus and Shear Strength 
 
Liquefaction resistance is related with "shear strength" 
and SPT-N value in Figure 8 and shear rigidity is related 
with "shear modulus" and hence S-wave velocity. 
Empirically there is such a relationship between strength 
and modulus (N value and S-wave velocity) (Figure 9 by 
Imai et al., 1984). 
 
 
4.2 SPT-N value and Liquefaction Resistance 
 
Figures 10 and 11 plot the liquefaction resistance R and 
SPT-N value against the S-wave velocity Vs. Herein, 

there is no good correlation. In contrast, Figure 12 shows 
the SPT-N value plotted against the liquefaction 
resistance R. A positive correlation observed for each soil 
layer. N value normalized the effective overburden 
pressure (N1) and the fines content Fc to obtain Na that is 

Figure 7. Relationship between liquefaction resistances obtained by laboratory tests and calculated from SPT-N 

value. 



 

used in assessment of liquefaction resistance R (AIJ 
2001). Figure 13 shows the relationship between the Na 
and the 0.57RL15. The liquefaction resistance RL15 is 
considered in practice to be the resistance at the critical 

shear strain  = 5% at the number of cyclic loading Ncl = 

15. The correlation in Figure 13 is reasonably good.  
 
4.3 S-wave velocity and SPT-N value 
 
Figure 14 shows the same data as in Figure 10 but the 
data classified in the range of fines content Fc. Although 
no correlation when data classified by soil layers in Figure 
10, now a better correlation recognized by Fc 
classification. Likewise, the relationship between N1 and 
Vs is shown in Figure 15 with Fc classification. It deserves 
attention in this figure that the plotted data clearly grouped 
by fines content. Figure 16 shows the relation the S-wave 
velocity Vs-corrected by corrected from the relation of Fc 
versus N1/Vs and N1. A positive correlation observed 
herein. 

If soil materials can identify, it shows that there is a 
good correlation between N1 and Vs. 

JRA (2002) employs a well-known empirical formula  
Vs = α N

1/3        
  (1) 

Figure 17 uses the data of the present study and the 
relationship between Fc and α is illustrated. Finally, the 
relationship between Fc and N1/Vs for all data is 
examined in Figure 18. The relationship of N1/Vs = 
0.1415e 

- 0.024 Fc 
was obtained. 

 
 
5 SUMMARY AND CONCLUSIONS 
 
The summarizes from extensive site investigations in the 
liquefaction-affected area in Urayasu city, and the 
following conclusions are drawn; 

 
 (1) The liquefaction resistance obtained by laboratory 

tests on undisturbed samples collected by the GS 
sampler is in good agreement with the assessment 

following the current design code using N value and fines 

content.  
(2) If the soils are able to classify by fines content, 

there are good correlations between N value and S-wave 
velocity.  
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Figure 9. SPT- N value and S-wave velocity. 

 
 

Figure 8. Shear modulus and strength. 
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Figure 10. S-wave velocity and liquefaction 

resistance in laboratory. 

Figure 11. S-wave velocity and 

SPT-N value. 
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Figure 12. SPT-N value and liquefaction resistance. 

Figure 13. Corrected N value plotted against corrected 

liquefaction resistance. 
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Figure 14. In-situ S-wave velocity and 
corrected liquefaction resistance. 

Figure 15. In-situ S-wave velocity and 
corrected N value.  

Figure 16. Relationship between S-
wave velocities corrected by fines 
content and corrected N value. 
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Figure 18. Relationship between Fines content and the
ratio of N1/Vs. 
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Figure 17. Relationship between Fines content and Index α. 
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