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Soil conditions at liquefied and non-liquefied sites during the 1995 Hyogoken-nambu 

earthquake

Conditions des sols dans des sites soumis ou non a la liquefaction pendant le s6isme 

de Hyogoken-nambu, 1995

Susumu Yasuda -  Department of Civil Engineering, Tokyo Denki University, Japan 

Kenji Harada & Naotoshi Shinkawa -  Fudo Construction Co. Ltd, Japan

ABSTRACT: Liquefaction occurred at many sites along Osaka Bay during the 1995 Hyogoken-nambu earthquake. However, some zones 
did not liquefy even though the surrounding zones liquefied. The authors studied the soil conditions at liquefied and non-liquefied sites. 
N-value in SPT o f around 20 to 25 was the boundary between liquefied soil and not liquefied soil even though the ground shaking was as 
extreme as more than 400 gals..

RESUME: Dans beaucoup de sites dans la Baie d'Osaka au Japon, il a ete remarque le developpement du phenomene de la liquefaction 
des sols pendant le seisme de Hyogoken-nambu en 1995. Cependant, dautres endroits environnants et assez proches des sites liquefies ne 
l'ont pas presente, peut-etre a cause des variations locales dans le comportement mecanique des sols. Les valeurs de N=20 a 25 obtenues 
par la methode SPT apparait comme la limite entre les sols liquefies et non-liquefies, meme si l'oscilation du terrain est montee au dessus 

de 400 gals.

1 INTRODUCTION

Many sites along Osaka Bay were liquefied during the 1995 
Hyogoken-nambu Earthquake (the Great Hanshin-Awaji 
Earthquake Disaster) and extensive damage to buildings, bridges, 
quay walls, etc. were induced. However, there were several 
specific sites where liquefaction did not occur even though the 
ground shaking was as extreme as about 600 gals o f maximum 
surface acceleration. Some zones in two big artificial islands, Port 
Island and Rokko Island, in Kobe City, did not liquefy even 
though the zones in the surrounding islands liquefied. In the 
alluvial lowland between seashore and Rokko Mountain, 
liquefaction occurred at and around the seashore but did not

occur near the foot o f Rokko Mountain.
The authors studied the soil conditions at the liquefied and non- 

liquefied sites, and demonstrated that the dense or compacted 
subsoil with N-value in SPT (Standard Penetration Test) of 
about 20 to 25 or more, did not liquefy even though very strong 
shaking occurred at the site.

2 SOIL CONDITIONS AT LIQUEFIED AND NON- 
LIQUEFIED SITES IN PORT AND ROKKO ISLANDS

Kobe City is built on a narrow alluvial plain facing Osaka Bay, as 
shown in Fig. 1. There is a mountain behind this plane named

C h u o -k u

Fig.l Map of Kobe and studied soil cross sections
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Rokko Mountain with a steep slope. Coastal areas have been 
reclaimed for many years to enlarge the flat land areas. The 
construction of two large islands, Port and Rokko, started in 
1966 using the same cut and fill method. The cut and fill soil was 
mainly granite-origin sandy soil called Masa. Masa soil is a sandy 
soil with much gravel, silt and clay. The mean grain diameter is 
mostly 0 .2mm to 6mm. The contents o f gravel and fines are about
0 to 65% and 5% to 35%, respectively. The depth to seabed was 
10-15m before reclamation at the sites of the two islands. The 
seabed was comprised of an alluvial clay layer with a thickness of 
10m to 20m. The reclaimed sandy soil filled in the area was loose 
and the alluvial clay beneath was very soft. Therefore, the 
consolidation of the soft clay had to be accelerated and the loose 
sandy soil had to be strengthened in zones where heavy or 
important structures were to be constructed.

For these purposes the subsoil in some zones was improved by 
installing sand drains and preloading. In addition, some zones 
were compacted with sand compaction piles or rod (vibro) 
compaction. The purpose of the soil improvement, therefore, 
was not the mitigation of liquefaction during earthquakes. Figure
2 shows the zones o f soil improvement on Port and Island. 
The central areas, which are residential , were improved by 
installing sand drains, preloading and a combination of the two 
methods. High-rise apartments and office buildings are 
constructed in these areas. The ground for an amusement park, 
tanks, some structures and a tram depot were improved using 
sand compaction piles or rod (vibro) compaction. Most o f this 
soil improvement work was applied to the bottom of the alluvial 
soft clay. The N-values in SPT of uncompacted soils below the 
ground water table were mostly 10 or less. Figure 3 compares N- 
values in SPT in untreated zones with those in zones treated with 
sand drains and sand compaction piles, including other published 
data. The N-value in SPT in compacted zones by sand 
compaction piles and rod compaction were 18 to 31. The N- 
values in SPT in the zone treated by sand drains were 14 to 25.

Figures 4 shows the zones where sand and water were ejected, 
judging from aerial-photographs taken one to four days after the 
1995 Hyogoken-nambu Earthquake (Hamada et al., 1995). By 
comparing Fig.4 with Fig.2 which shows the improved zones, it 
was determined that no sand and water were ejected in the zones 
treated with sand compaction piles, rod (vibro) compaction, sand 
drains plus preloading and sand drains. Sand and water were

I | unimproved

I ■ • I preloading

Fig.2 Improved zones in Port Island (quoted and modified from

Watanabe(1981))

Unimproved Sand drains Compaction 

Fig.3 Comparison of N-values (Yasuda et al., 1996)

•  Z on es  w h e re  sand  and w a te r w e re  e jected

Fig.4 Zones where sand and water were ejected on Port Island 

(Hamada et al., 1995)

ejected at a few locations in the zone treated by preloading only 
Large ground subsidence, o f up to several tens of centimeters, 
was observed in the zones where sand and water were ejected 
No subsidence and no damage to structures were observed 
however in the zones densified with sand compaction piles and 
rod (vibro) compaction, and only slight subsidence was observed 
in the zones treated by other methods. The average subsidence in 
the untreated zones was about 40cm to 45cm. Subsidence 
decreased with the degree o f compaction. The average subsidence 
in zones treated by preloading, sand drains, sand drains plus 
preloading, rod (vibro) compaction and sand compaction piles 
was about 30cm, 15 cm, 12cm, 0cm and 0cm, respectively. The 
order o f decreasing subsidence is the same as the order of 
increase in N-values in SPT, mentioned before.

The reclaimed soils in the zones compacted by sand compaction 
or rod (vibro) compaction can be judged as not liquefied during 
the earthquake, because no evidence of subsidence, ejection of 
water or damage to structures was observed. The reclaimed soils 
in the zones treated by other methods might have liquefied at 
some depths. It must be stressed that the compacted subsoils did 
not liquefy even though very strong shaking, o f 600gal or more, 
occurred.

3. SOIL CONDITIONS AT LIQUEFIED AND NON
LIQUEFIED SITES IN ALLUVIAL PLAIN

Liquefaction also occurred in the narrow alluvial plain between 
Rokko Mountain and Osaka Bay in Kobe. However, liquefied 
sites were located in coastal area only as shown in Fig. 1, though 
sandy soil is deposited in almost all o f the area in the alluvial plain 
The authors estimated soil cross sections along eleven lines which 
pass through liquefied sites and non-liquefied zones, shown in 
Fig. 1

Figure 5 shows the soil cross sections along the B-B' line which 
pass through the Fukae district where severe damage to houses, 
railways and a highway occurred during the earthquake. As 
shown in Fig. 5, an artificially reclaimed sand layer (F) is 
deposited from the ground surface to a depth of about 10 to 15m 
in a reclaimed land. On the contrary, an alluvial sand layer (As), 
alluvial clay layers (Ac) and an alluvial clayey sand layer (As-c) 
are deposited from the ground surface to a depth of 10 to 20 m 
The area where sand and water were ejected, which means the 

occurrence o f liquefaction, are shown on the upper part in Fig . 5 . 

N-values in SPT of the reclaimed sand layer and the alluvial sand 
layer are about 10 and 10 to 20, respectively. The reclaimed sand 
and the alluvial sand under water level in the area where sand and 
water had been ejected were judged to be liquefied. The 
estimated liquefied alluvial sand is limited in the vicinity of the 
original coast. The alluvial sand in the area where sand and water 
had not been ejected was judged as the non-liquefied sand.

Figure 6 shows the soil cross section along C-C' line which 
passes through the Kohshien district where severe damage to 
houses and roads also occurred. A filled layer (B) and an alluvial 
sand layer (As) with N-values in SPT of less than 20 are 
deposited from the ground surface to a depth of about 10 m. As 
the filled and alluvial sand layers are not dense, it was judged that 
the sands in these layers under the ground water level in the area
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Fig. 5 Soil cross section along B-B' line

Hanshin Expressway

where sand and water had been ejected, did liquefy during the 
earthquake. Liquefaction o f the alluvial sand was estimated to be 
induced in a comparatively wide area in this section as shown in 
Fig.6. The filled and alluvial sands in the area where sand and 
water had not been ejected were judged as the non-liquefied sand.
Liquefied soil and non-liquefied soil along other soil cross 

sections were also judged by the same process. The soil cross 
sections along the A-A' and E-E1 lines were similar to that along 
B-B1 line, and that along D-D' line was similar to that along C-C'.

4 COMPARISON OF N-VALUES BETWEEN LIQUEFIED 
SAND AND NON-LIQUEFIED SAND

The occurrence of liquefaction is related not only to the soil 
condition but also to cyclic shear stress which was induced in the 
ground. The cyclic shear stress induced at the liquefied and non- 
liquefied soils was estimated by the following simplified formula 
introduced in the Japanese Highway Bridge Code (1990):

t max^°v =( 1 -0.015z)‘(Amax/)-(cjv/a v ) (1)

where xmax : maximum cyclic shear stress 
Amax : maximum surface acceleration 
g : acceleration of gravity 
a v : overburden pressure (kN/m^) 
ov' : effective overburden pressure (kN/m^)

The maximum surface acceleration during the Hyogoken-nambu 
earthquake along the eleven lines were assumed based on 
measured surface accelerations:
® along A-A', H-H', I-I', K-K' and J-J' lines: 600 gals 
® along B-B', E-E', F-F' and G-G' lines. 500 gals 
® along C-C' and D-D' lines: 400 gals.
The maximum surface acceleration of 341 gals had been 

measured on Port Island. However, as the measured acceleration 
had been affected by liquefaction, two maximum accelerations, 
340 gals and 550 gals were assumed for the case o f the improved 
and not improved grounds on Port and Rokko Islands.

N-values in SPT of the liquefied and non-liquefied soils were

normalized by using the following formula to cancel the effect of 
overburden pressure on N-values:

N 1= 1.7N /(av'/98+0.7) (2)

where N j : normalized N-value for 98 kN/m^ (lkgf/cm^) of 

effective overburden pressure
Figure 7(a) and (b) show relationships between the maximum 

shear stress ratio, Tjnax^v' normalized N-value on SPT, N i 
in the improved and unimproved grounds in Port and Rokko 
Islands. The right axis o f ordinates shows the average shear stress 
ratio which is 0.65 times Tmax'W  Closed circles and open 
circles show relationships o f  the liquefied sands and the non- 
liquefied sands, respectively. It may be said that the boundary 
between the liquefied and non-liquefied sands is about 15 to 25 
though the data are not sufficient.

Figure 8 shows the relationships between the stress ratio and 
the normalized N-value in SPT for the data along eleven sections 

To clarify, histograms of numbers o f liquefied and non-liquefied 

sands in the interval o f 0.2 of "Ctnax/cV 316 shown in Fig.9 
Based on these figures, the boundary between liquefied sands and 
non-liquefied sands was proposed as shown in Fig.8. The 
boundary is about 20 to 25 even though the maximum stress 
ratio is very high: as high as about 1.0. This means that the dense 
or compacted sands with normalized N-values o f more than 20 to 
25, does not liquefy even though very strong shaking occurred at 

the site.
This kind of boundary has been proposed by several researchers 

based on data obtained during previous earthquakes. However, 
the boundary for very strong shaking has not been clarified 
because the maximum shear stress ratio during previous 
earthquakes has not been greater than about 0.7. Thus, it must be 
noted that the boundary could be clarified for very strong shaking 
in this study.
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Fig. 7 Relationships between shear stress ratio and N-value 

for improved and non- improved grounds

5 CONCLUSIONS

Soil conditions at liquefied and non-liquefied sites during the 
1995 Hyogoken-nambu earthquake were studied, and the 

following conclusions were drawn:
1 Liquefaction did not occur in some zones improved by sand 
compaction piles or rod compaction in reclaimed lands and near 
the foot o f Rokko Mountain in the alluvial plain.
2. The boundary of normalized N-value in SPT between the 

liquefied sands and the non-liquefied sands was about 20 to 25, 
even though the ground shaking was as extreme as more than 400 
gals.
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Fig. 8 Relationships between shear stress ratio and N-value 

at 11 cross sections
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Fig.9 Histograms of number o f liquefied and non-liquefied sands
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