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PREFACE

The January 17', 1995, Hyogoken-Nanbu Earthquake was one of the worst disasters to hit

Japan in almost a half a century, and it has been compared in its impact to the great Kanto

~- (Tokyo) Earthquake of 1923 (AU, 1995). Immediately following the earthquake it became

apparent that the Kobe-Osaka region held many similarities in its geologic and tectonic setting to

many areas along the West Coast and, possibly, other areas of the United States. Therefore, a

geotechnical reconnaissance to identify the relevant problems and issues was organized under

the auspices of the Siting and Geotechnical Systems Earthquake Hazard Mitigation Program of

the Engineering Directorate of the National Science Foundation. The mission of the

reconnaissance team was to provide a timely, first-hand overview of the type and extent of the

geotechnical aspects of the damage, and to provide the necessary background infonnation for

future research and for, US-Japan cooperation in geotechnical earthquake engineering. The

assembled team consisted of the following individuals:

Jonathan D. Bray - University of California, Berkeley
Ross W. Boulanger - University of California, Davis
John T. Christian - Consulting Engineer, Boston, MA
W.O. Liam Finn - University of British Columbia (also on the Canadian team)
Leslie F. Harder, Jr. - Calif. Dept. of Water Resources, Sacramento, CA
Izzat M. Idriss - University of California, Davis
James K. Mitchell - Virginia Polytechnic Institute
Yoshiharu Moriwaki - Woodward-Clyde Consultants, Inc., Santa Ana, CA
Thomas D. O'Rourke - Cornell University
Raymond B. Seed - University of California, Berkeley
Nicholas Sitar - University of California, Berkeley
Kenichi Soga - Cambridge University, U.K.
T. Leslie Youd - Brigham Young University

The reconnaissance team's visit was officially sponsored by the Japanese Society of Soil

Mechanics and Foundation Engineering, and the Japanese hosts were led by Professor Koichi

Akai, Professor Emeritus of the Kyoto University, Professor Kenji Ishihara of the University of

Tokyo, Professor Koichi Nakagawa of the Osaka City University, and Dr. Yoshinori T. Iwasaki,

Director of the Geo-Research Institute in Kobe,
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Due to the extensive disruption to the transportation network, the investigation within

Kobe was performed principally on foot, the port facilities were inspected by boat and on foot,

and a couple of helicopter overflights were made.. Thus, while effort has been made to provide a

balanced overview, the limited ground time, on the order of less than a week for the U.S.

members of the team, necessarily limits the scope and substance of this report. Consequently,

the observations and opinions presented here are intended to serve as a guidance to further in

depth assessment and not as a final, definitive evaluation of the specific events and phenomena.

A combination of several factors contributed significantly to the severity of much of the

damage: the area had been previously considered to have relatively low seismic risk, the

projected location of the release of energy along the earthquake fault was almost immediately

below a densely developed urban area, and the geologic setting of the region, on the shores of a

large embayment, provided for a substantial thickness and areal distribution of soft and

liquefiable sediments. The principal geotechnical aspects of the Hyogoken-Nanbu Earthquake

include the following:

• Extensive liquefaction of natural and artificial fill deposits occurred along much of the
shoreline on the north side of the Osaka Bay. Probably the most notable were the
liquefaction failures of relatively modern fills on the Rokko and Port Islands. On the Kobe
mainland, evidence of liquefaction extended along the entire length of the waterfront, east
and west of Kobe, for a distance of about 20 km. Overall, liquefaction was a principal factor
in the extensive damage experienced by the port facilities in the affected region.

• Liquefaction caused disruption of underground utilities, including gas, water, and sewer
systems. In fact, the pervasive damage to the underground utilities throughout the region
affected by liquefaction may yet prove to be a major, and as yet not fully appreciated, aspect
of the earthquake damage.

• Notably, areas of fills that have been densified using fairly conventional techniques
performed satisfactorily. Similarly, mechanically stabilized soil walls also performed very
well.

• While numerous pile foundations for various types of structures apparently performed very
well, there were several failures of large pile-supported bridge piers. These cases provide a
unique opportunity for further studies of lateral pile capacity and· of the overall seismic
performance of piles.

ii



• Shallow foundations for most modern buildings consisting of reinforced mats or, more
commonly for houses, reinforced perimeter and wall footings that are strongly tied together
performed quite well. These types of foundations acted as diaphragms, holding structures
together and preventing differential ground movements from fracturing the foundations and
superstructures.

• Although the region immediately north of downtown Kobe is relatively hilly, landsliding
was minimal, mostly limited to shallow sliding and raveling of boulders. However, one
large flow slide occurred in decomposed granite in a residential area in the Nigawa district,
northeast of Kobe. This slide destroyed several houses and killed 34 people.

• Movement of fills and retaining walls was evident in many parts of the residential area in the
hills northeast of Kobe. In some locations, the displacement of side-hill and valley bottom
fills was sufficiently large to cause structural damage, and to damage the utilities and disrupt

. service. This type of damage was also observed in the 1994 Northridge Earthquake.

• While underground structures are generally considered relatively safe from seismically
induced damage, a failure of a cut-and-cover underground metro station did occur.

• A number of relatively modern dams of various types within the region of intense shaking
seemed to survive the earthquake with little or no damage. However, three small
embankment dams, the Niteko Dams, more than 100 years old, failed by lateral spreading
and liquefaction. The damage, as a result of these failures, appeared to be minimal because
of the initially low water level and low overall height of the dams (s 12 m).

• So far, the ground rupture due to right lateral strike slip faulting has been reported only on
the Awaji Island, to the southwest of the epicenter. However, the north and south towers of
the Akashi Kaikyo Bridge, currently under construction, are known to have been displaced
relative to each other laterally and vertically. This is the first time that a structure of this
size has been known to be offset by a fault rupture.

Overall, the area affected by the 1995 Hyogoken-Nanbu Earthquake has many

similarities, in terms of geologic setting and the level of development to other locations around

the world, the San Francisco Bay area and the Los Angeles basin, for example. Therefore, much

can be learned about the type and the extent of damage that can occur when a major fault

ruptures through an urban environment. In this context, the collective body of information

gathered following the October 17, 1989, Lorna Prieta Earthquake, the JanlJary 17, 1994,

Northridge Earthquake, and now the Hyogoken-Nanbu Earthquake should serve to provide
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important lessons for engineering professionals, researchers, government officials, and the

public, alike. More importantly, we hope that this, and other reports which will follow, will help

in providing the inspiration and guidance in developing strategies to minimize the extent of

avoidable damage in future earthquakes, at least in the well-known seismically active regions.
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CHAPTER ONE: INTRODUCTION

The January 17, 1995, Hyogoken-Nanbu Earthquake is the most damaging

earthquake to have struck Japan since the great Kanto earthquake destroyed large areas of

Tokyo and Yokohama and killed approximately 140,000 people (mostly by fire) in 1923.

Part of the reason for the great devastation was the location of the epicenter of the

earthquake, at the tip of Awaji Island, within 20 km of the city of Kobe in the Hyogo

prefecture (see Figure 1.1). The city of Kobe houses about 1.5 million people, and it is a

part of a continuous, densely developed urban area which extends from west of Kobe

eastward to Osaka and has a population of more than 4 million inhabitants (AIJ, 1995;

Figure 1.2). As of March 31,1995, the toll from the earthquake in Kobe has reached over

5,500 dead and over 26,000 injured. More than 200,000 houses, about 10% of all houses in

the Hyogo prefecture, were damaged, including more than 80,000 collapsed, 70,000

severely damaged, and 7,000 consumed by rue (AIJ, 1995). Current estimates oflosses in

Kobe are about 20 trillion yen (200 billion dollars), one order of magnitude larger than that

from the January 17, 1994, Northridge Earthquake.

The strategic location of Kobe, at a point where the proximity of the mountains

and the sea constricts the transportation corridor, also meant that the damage to the

transportation network, as exemplified by the now famous picture of the collapsed section

of the Hanshin Expressway (Figure 1.3), had a large economic impact extending well

beyond the immediately affected area. Before the earthquake, Kobe was Japan's busiest

and the second largest port after Yokohama. It was also the largest Japanese port for

foreign trade cargo, mostly containerized, with over 53 million metric tons of foreign

trade in 1990. It was the fourth largest container cargo port in the world. About 39% of

the city's gross industrial product was derived from port related industries, accounting for

more than 17% of the city work force. The earthquake damage caused essentially total

shutdown of all facilities in the port area for several weeks following the earthquake.

~eceding page blank I
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Figure 1.1. Schematic map of the Kobe-Osaka region, showingthe location of the epicenter of the Hyogoken-Nanbu
earthquake and major points of interest, including the approximate extent of the areas of severe structural
damage and liquefaction.



Figure 1.2:

Figure 1.3:

Aerial view of the Kobe metropolitan region showing the density of urban and
commercial development.

Collapsed section of the Hanshin Expressway (reproduce from Asahigraph, 1995)
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-':;;The purpose of this report is to provide an overview of the principal geotechnical

aspects of the earthquake.rTo thi~~~d:the seismological aspects of the Kobe earthquake

are presented in Chapter 2. The regional seismicity and tectonics, including local geology,

are reviewed first, followed by a discussion of the source characteristics of the earthquake. .;
,/

Observations of surface rupture are presented, and recorded strong ground moJions and'site

response issues are examined. The recorded strong motions are' compared with empirical

attenuation relationships based on primarily California data, and important implications for

US practice are drawn.

:, __', Liquefaction and liquefaction related effects are described in Chapter 3. The extent

of liquefaction provided a unique opportunity to asses the perfonnance of various types of

foundations under conditions of loss of bearing capacity and lateral support, and subjected

to lateral spreading. The perfonnance of improved ground is reviewed in Chapter 4. The

observation of the behavior of dams and levees are presented in Chapter 5. The damage to

lifeline systems is described in Chapter 6, and other geotechnical aspects of the earthquake

damage, including the perfonnance of slopes, structural fills, mechanically stabilized

slopes, and landfills, are presented in Chapter 7.

4
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CHAPTER TWO: GEOSCIENCE AND STRONG MOTIONS

2.1 Introduction

The January 17, 1995, Hyogoken-Nanbu (Kobe) Earthquake was assigned a JMA

magnitude of 7.2 by the Japan Meteorological Agency (JMA). Seismological analyses indicate a

seismic moment of 2.5x1026 dyne-em, corresponding toa moment magnitude of 6.9, with a source

duration of 6 to 10 seconds (Kikuchi, 1995). The hypocenter of the earthquake (34.60· N and

135.00· E, focal depth of 14 km, origin time 05:46:53.9,1/17/1995 JST; JMA) was located about

20 km southwest of dOmltoml Kobe between the northeast tip of Awaji Island and the mainland

(Figure 2.1). The rupture length of this shallow, primarily strike-slip earthquake is inferred from

the aftershock distribution and the waveform modeling of teleseismic and strong motion

seismograms to have been about 30 km to 50 km long and 15 km wide, produced by bilateral

rupture from the hypocenter (Pitarka et aI., 1995; Kikuchi, 1995). The rupture of this earthquake

directly into dOmltOml Kobe appears to have contributed to the high level of destruction that

occurred.

2.2 Geologic Setting

The geology in the Kobe area is fairly complex and is dominated by a number of

northeast/southwest trending strike-slip faults. Basement bedrock of Late Cretaceous and Miocene

age form the mountainous region to the north and west of dOmltOml Kobe. The dominant rock

type northwest of Kobe is a biotite granite knOml as the Rokko granite. Other basement rock types

include sandstone, conglomerate, mudstone, and tuff. Pleistocene gravel, sand, and clay terrace

deposits lie to the southeast of the basement rock outcrops that are terminated by a system of right­

lateral faults (Rokko fault zone), which include, from southwest to northeast, the Suma, Egeyama,

Suwayama, Ashiya, Koyo, and Arima-Takatsuki faults. The Pleistocene deposits are overlain by

Holocene alluvium (sand, gravel, and clays) that form the relatively level, narrow corridor of land

which contains most of the development in the Kobe area. A map depicting contours of the base

5
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elevation of the Holocene deposits in the Kobe area is presented in Figure 2.2. The Holocene

alluvium thickness generally increases to the southeast from roughly 20 m under downtown Kobe

to as much as 40 m under the Port Island. Much of the exposed land near the Kobe waterfront,

including the islands, is reclaimed land that was constructed by loosely dumping granular material

generally borrowed from the decomposed Rokko granite. To the east of the Kobe area, alluvial

deposits brought down by rivers such as the Yodo River dominate the surficial geology; whereas, to

the west on Awaji Island, outcropping basement rock bordered by narrow shorelines consisting of

Pliocene alluvium with some Holocene alluvium at the shore comprises the surficial geology. The

basement rock is terminated along the northwestern flank of Awaji Island by the Nojima fault and

along the southeastern flank of the island by a parallel fault system. The basement rock under

central Osaka Bay is at depths on the order of 2 km, and it rises to depths between 0.5 to 1.5 km

below central Kobe. A recent assessment of the subsurface geology by Iwasaki (1995) has located

basement rock at depths between 1.7 and 2.0 km at Port Island and at a depth of about 2.5 km at

Rokko Island.

2.3 Regional Seismicity and Tectonics

The earthquake occurred in a region where a complex system of active faults had been

previously mapped (Research Group for Active Faults in Japan, 1980; Figure 2.1). The focal

mechanism of the earthquake indicates right-lateral strike-slip faulting on a nearly vertical fault

striking slightly east of northeast, parallel to the strike of the mapped faults (Pitarka et al., 1995).

The earthquake mechanism is compatible with the tectonic environment of western Japan as

revealed by historical seismicity. This seismicity contains a sequence of earthquakes between 1891

and 1948 which includes the magnitude 8 Nobi earthquake of 1891, the magnitude 7.3 Tango

earthquake of 1927, the magnitude 7.2 Tottori earthquake of 1943, and the magnitude 7.1 Fukui

earthquake of 1948 (Kanamori, 1973). All of these earthquakes, as well as the 1995 earthquake,

had strike-slip mechanisms that accommodated east-west shortening of the Eurasian plate due to its

collision with the North American plate along the Izu-Itoigawa line to the east in central Honshu

(Huzita, 1980), as illustrated in Figure 2.3. The last major earthquake (M>7) in the near vicinity of

7



Kobe occurred in 868; it is believed to have been generated on the Yamasaki fault, which is located

about 50 km northwest of the epicenter of the Kobe earthquake (Kanamori, 1995). Kobe was

probably also affected by a magnitude 7 earthquake in 1596 whose effects were most strongly felt

in the region between Kyoto and Osaka. A smaller magnitude earthquake (M=6.1) occurred near

the epicenter of the 1995 Kobe Earthquake in 1916. In summary, the 1995 Kobe earthquake

occurred on a mapped system of active faults, and had a mechanism that is compatible with the

tectonics of w~stem Japan as inferred from similar earthquakes that occurred during the past

century. Currently available evidence does not suggest any difference between the source

characteristics of the Kobe earthquake and those of crustal earthquakes that occur in California.
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the past century are shown. Source: Newsweek, February 1, 1995, Japan edition.

8



2.4 Source Characteristics

The distribution of aftershocks is shown in Figure 2.4. The aftershock pattern is aligned

with the roughly northeast-southwest orientation of the Rokko fault zone and extends over a

distance of about 45 km. The time sequence and orientation of faulting during the Kobe

earthquake has been inferred from the analysis of strong motion data by Pitarka et al. (1995) and

teleseismic data by Kikuchi (1995). The focal mechanism and fit of recorded and synthetic

strong motion waveforms in the Pitarka et al (1995) model is shown in Figure 2.5, and the focal

mechanism developed by Kikuchi (1995) is shown in Figure 2.6. Southwest of the epicenter,

away from Kobe, the earthquake produced 11 km of surface rupture with an average horizontal

displacement of 1 to 1.5 m on the Nojima fault, which runs along the northwest shore of Awaji

Island. The surface faulting is described in further detail in the next section. The strike-slip

motion was accompanied by a component of thrust motion, producing a fault scarp dipping to the

southeast, with the northwest side down. This dip direction is consistent with the offset of the

surface rupture by a few kilometers to the northwest from the epicenter, and with the focal

mechanism of the first event as inferred by Kikuchi (1995) and Pitarka et al. (1995). The dip

direction and the dip-slip motion is reversed on the part of the rupture that extends to the

northeast from the epicenter, toward Kobe. A releveling survey after the earthquake found a

decrease in elevation of 26 cm between Tarumi and Swna Wards in western Kobe. This change

in elevation is inferred to mark the location of subsurface faulting. The dip-slip displacement to

the southeast on a fault plane dipping northwest is seen in the focal mechanisms of later

subevents in the rupture model of Pitarka et al. (1995) shown in Figure 2.5. Both the Kikuchi

and Pitarka et al. rupture models indicate that the propagation of the rupture toward Kobe

involved several subevents distributed along the fault at depths of 6 to 8 km. Pitarka's model

has uniform strike but variations in dip and rake among four subevents, while Kikuchi's model

has variations in strike as well as variations in rake of three subevents. From the fault geometry

(30-50 km long x 15 km wide), the average slip is 1.1 to 1.9 m and the stress drop is 14 to 24 bars

(Kanamori,1995).
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2.5 Surface Rupture

The earthquake produced surface rupture with an average horizontal displacement of 1 to

1.5 m and a maximum recorded horizontal displacement of 1.7 m on the Nojima fault, which nms

along the northwest shore of Awaji Island (Nakata, personal communication, 1995). Figure 2.7

illustrates the general characteristics of the topography along the Nojima fault and the surface

expression of the predominantly strike-slip faulting. A close-up view of a scarp of the Nojima

fault, which showed both vertical and horizontal offsets (at one spot, these offsets were measured to

be approximately L2 m right-lateral and 15 cm dip-slip (east side up), respectively) is shown in

Figure 2.8. The house shown in the background in Figure 2.8 was nearly offset by the surface fault

rupture, but it appeared to be only slightly damaged by the ground shaking. Just to the north of this

area, the Nojima fault cut across a number of wet rice paddies before continuing along the base of

the hills formed from the uplift of Pre-Miocene bedrock. It was more difficult to see the surface

expression of the faulting in the wet rice paddies, and in areas the faulting was expressed as en

echelon shears with minor offsets across them. At numerous locations the observed surface

expression of the fault was fairly narrow «5 m wide), and this is consistent with the style of

faulting (fairly linear strike. slip faulting through shallow soil deposits overlying the bedrock).

However at a few locations, the ground breakage zone was noticeably wider. For example, at the

northern end of the surface expression of the Nojima fault where it travels offshore of Awaji Island,

about 1 m of horizontal displacement was spread across a zone roughly 50 m wide, which

contai~ed several ground cracks. Most of the offset was concentrated on three or four cracks within

the middle of this zone. Vertical displacement across the observed surface rupture of the Nojima

fault varied considerably with an average vertical displacement of 0.5 to 1 m (east side up) and a

'maximum vertical displacement of 1.3 m (east side up). At the southern end of the. exposed ground

rupture, the observed vertical displacement decreased and was actually in the opposite sense with

the west side moving up slightly «0.2 m) with respect to the east side.

Marine seismic surveys have found a 300 meter long offshore extension of this rupture

(Japan Maritime Safety Agency). This segment of the fault ran between the main towers of the

Akashi Kaikyo suspension bridge, which is under construction, offsetting the southern tower 1.1 m

12



in a right lateral sense with respect to the northern tower (Fig. 2.9). The surveys also found two

fault rupture segments that span a length of about 7 km in the region offshore from the northeast tip

of Awaji island, parallel to the Nojima fault but offset from it by about 5 km. Near the onshore

projection of these underwater rupture segments, a releveling survey after the earthquake found a

change in elevation of 26 em over a distance of 6 km between Tarumi and Suma Wards in western

Kobe. Ground surface defomlations, which are possibly associated with surface ruptures, have

been identified east of Kobe in the Takarazuka area on a number of active fault strands just south of

the Arima-Takatsuki fault zone (see Figure 2.10, M. Seo and Y. Yoshimi, personal communication,

1995). Aerial reconnaissance identified possible right lateral surface rupture expressions to the

southwest of this area across the Muko River along the general trend of the strike of identified

active faults in the area.· A close-up view of a tennis court which shows ground cracks with

noticeable right lateral offsets is shown in Figure 2.11. This feature has not been field-checked, and

there are numerous fills and buried stream deposits in the area, so ground cracking may have

resulted from phenomena other than faulting. However, field data provided by M. Seo and general

observations of damage in the Takarazuka area suggest that there may be a correlation between

some concentrations of heavily damaged areas (both buildings and transportation systems) and

active fault segments that expressed some ground movement during the Kobe Earthquake.

Additional study is warranted to confirm these preliminary observations.

2.6 Strong Ground Motions

Strong ground motions were recorded by several organizations, including the Committee

on Earthquake Observation and Research in the Kansai Area, Japan Rail, Osaka Gas, JMA,

HaIlkyu Railroads, Japan Highways, Building Research Institute, and Port and Harbor Research

Institute. The ground motions varied significantly in the epicentral region, indicating a complex

interaction of important effects such as directivity, local site conditions, and topography. Peak

ground accelerations as large as 0.8 g were recorded in the near-fault region on alluvial sites in

Kobe and Nishinomiya. The recordings at near-field rock sites typically had significantly lower

13
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magnitudes of peak ground acceleration (i.e. around 0.3 g). The vertical peak ground accelerations

were generally about two-thirds as large as the horizontal accelerations in the near-field, and

significantly lower than this at more distant alluvial sites. Velocity waveforms recorded at a

number of strong motion stations in the Osaka Bay area are shown in Figure 2.12 along with

their respective locations. Note the difference in the motions recorded in the near-field (i.e. at

KMO (Kobe) and KBU (Kobe University)) from those recorded at more distant stations (e.g.

FKS (Fukushima) and YAE). The near-field motions contain brief, intense pulses; whereas, the

more distant records have significantly longer duration of strong shaking with dominant low

frequency periodic motions resulting from surface waves or site resonance.

The rupture of this strike-slip earthquake directly into downtown Kobe (Figures 2.1 and

2.4) caused near-fault rupture directivity effects which appear to have contributed to the high

level of damage. As stated previously, the near-fault ground velocity time histories have large,

brief pulses of ground motion (Figure 2.12) which are indicative of rupture directivity effects and

are potentially damaging to multi-story buildings and other long-period structures such as

bridges. The recorded peak velocities were as large as 175 em/sec at Takatori in western Kobe,

and the largest values occurred in the densely populated urban region, as shown in Figure 2.13.

The near-fault horizontal peak velocities were 55 em/sec on rock at Kobe University and went off

scale at soil sites at levels of 40 em/sec and 100 em/sec in central Kobe. These values are similar

to those recorded close to comparable earthquakes in California. Currently, buildings over 60

meters in height in Japan are designed to withstand peak velocities of 50 em/sec in Tokyo and

40cm/sec in the Osaka-Kobe area without collapse. The horizontal motions in the fault-normal

direction are about twice as large as those in the fault-parallel direction, as seen in the velocity­

time histories shown in Figure 2.14 and the response spectra shown in Figure 2.15. This feature,

which is caused by rupture directivity effects, has been widely observed in near fault strong

motion data in California (e.g. Somerville and Graves, 1993) and quantified as a modification to

empirical attenuation relationships recently proposed by Somerville and Graves (1995).

Due to near-field rupture directivity effects, the structural damage in central Kobe was

noticeably influenced by the orientation of the structural system with respect to the strike of the

fault. Structural damage was more severe in the fault-normal direction than in the fault-parallel
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direction. For example, the seven story office building shown in Figure 2.16 has shear cracking

of the building cladding, with extensive window damage, in the fault-nonnal direction and little

damage in the fault-parallel direction. Buildings characteristically displayed interstory damage,

such as that shown in Figure 2.17, in the fault-nonnal direction. Moreover, the collapse of the

Hanshin elevated expressway appeared to result from strong displacement pulses in the fault­

nonnal direction, which is perpendicular to the orientation of the highway.

The recorded peak horizontal accelerations from the Kobe earthquake are comparable to

those predicted for a strike-slip earthquake using the Abrahamson and Silva (1995) empirical

attenuation relation for soil based mainly on California data, as shown in Figure 2.18. The

recorded peak horizontal velocities are slightly higher (about one standard deviation higher) than

those predicted for a similar event using the Campbell (1990) empirical attenuation relation for

soil based mainly on California data, as shown in Figure 2.19. The much larger level of damage

that occurred in the Kobe earthquake compared with that of recent earthquakes in California may

be attributable in part to the fact that the dense urban region of Kobe was subject to strong

rupture directivity effects. As shown in Figure 2.13, the largest peak velocities recorded from the

Kobe earthquake were in the dense urban region. Peak velocities as large and larger than these

values were recorded during the 1994 Northridge earthquake. However, as shown in Figure 2.20,

the dense urban region of the southern San Fernando Valley and the northwest Los Angeles basin

were not subject to rupture directivity effects. The effects were experienced in the northern San

Fernando Valley and Santa Susana Mountains, which are located away from the dense urban

region. Other factors, such as quality of construction and evolution of the respective design

codes, also contributed to the different levels of damage observed during the Northridge and

Kobe earthquakes.

2.7 Site Response

Severe damage to buildings due to the Kobe earthquake was observed along a strip about

30 km long and 1 km wide. Figure 2.21 shows the severely damaged area, active faults, and

aftershock distribution (Kohketsu, 1995). The hachured zone indicates the area where the rate of
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collapsed wood-frame buildings is more than 30%; this rate exceeded 70% in the central part of

this area. To investigate whether these large variations in site response in the Kobe area were

attributable to site effects, investigators from Ohsaki Research Institute recorded aftershocks at

several sites on alluvium in the heavily damaged area as well as at rock sites on the foot of

Rokko mountain in Kobe (Kawase et aI, 1995). The locations of their stations are shown in

Figure 2.22, and their study area is shown as an inset in Figure 2.21. They found that, for six

aftershocks, horizontal peak accelerations recorded at three sites located on a thin layer of

alluvium (about 10 to 15 meters thick) were about 3 to 5 times larger than those at a reference

site on rock, as shown in Figure 2.22.
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Figure 2.21: Location of zone of intense destruction in the Kobe area, and its relationship to the
location of active faults, the aftershock distribution, and geological site cond~tiohs.

Modified from Kohketsu (1995). .
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A downhole array on the northwest comer of Port Island (see top of Figure 2.23), which

is located just south of downtown Kobe, provided valuable site response data. Strong motion

instruments were located at the ground level and at depths of 16 m, 32 m, and 83 m. The

generalized soil profile, with shear wave velocities (Iwasaki, 1995), is shown is Figure 2.23. The

thickness of Quaternary deposits at this site is on the order of 1000 m. Acceleration-time

histories for each component are shown in Figures 2.24-2.26. The horizontal acceleration-time

histories shown in Figures 2.24 and 2.25 clearly show the initiation of liquefaction in the loosely

dumped granular fill located between a depth of 12 m and the ground level. Moreover, the

instrument records show the characteristics of the near-field response (i.e. brief, intense pulses) at

this deep soil site. The peak ground accelerations tended to be sustained or to increase slightly as

the motions propagated to the ground surface, except through the liquefied fill deposit.
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Figure 2.23: Generalized soil profile with shear wave velocity data at the downhole array site on the
northwest comer of Port Island. Source: Iwasaki (1995).
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The Kansai International Airport is built on reclaimed ground similar to Port Island, but it

is located about 30 km from the zone of energy release, so the motions were significantly lower.

Free-field instruments located at the northern and southern ends of the runway recorded ground

level maximum horizontal accelerations (MHA) of 0.15 g and 0.09 g, respectively. The terminal

building has strong motion instruments located at its basement, fourth floor and roof levels. The

MHA recorded at the basement level was relatively low at only 0.04 g, whereas, at the-fourth

floor level, the recorded MHA increased to 0.10 g. One of the piers of the bridge that connects

Kansai Airport Island to the mainland has instruments located at its bottom and top, and these

instruments recorded MHAs of 0.13 g and 0.27 g, respectively. These data from the strong

motion instrumentation array at the Kansai International Airport present a valuable opportunity

for further investigation of site response and soil-structure interaction issues.
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CHAPTER THREE: LIQUEFACTION AND RELATED EFFECTS

3.1 Introduction

Extensive liquefaction of filled land occurred throughout the region affected by strong

ground motion. The general setting of the Kobe and Osaka metropolitan regions, on the margins of

a major bay flanked by mountains, resulted in a gradual but extensive reclamation of land along the

bay margins. Infilling of the bay has occurred along most of the waterfront over a long period of

time, and in many places these fills are liquefiable or have been placed over liquefiable beach sand

deposits. In addition, the rapid expansion of port facilities, mainly after 1963, has led to extensive

construction of man-made islands. These islands were constructed using the most readily available

local material: decomposed granite, which is a relatively coarse granular material that is quite

susceptible to liquefaction unless well compacted.

Severe liquefaction occurred on Rokko and Port Islands (Figure 3.1), and in most of the port

areas along the Kobe mainland. Some of the most damaging effects were lateral spreads around the

margins of Rokko and Port Islands and mainland port areas, and ground settlement in the interior of

Rokko and Port IsI.ands. However, liquefaction effects were widespread as far as 3 km inland from

the waterfront, and for several kilometers laterally along the bay. These effects caused minor

disruption to residential and industrial areas of Kobe, Nishinomiya, and Ashiya within the narrow

urban corridor that lies between the bay to the south and the mountains to the north. Evidence of

liquefaction in areas away from the waterfront consisted of buckled and fractured curbs, walkways,

and other pavements (Figure 3.2); small ground fissures; sporadic sand boils; and small amounts of

ground settlement. Interestingly, liquefaction seems to have had relatively little influence on the

structural damage observed in many of these areas; in fact, buildings of various types seem to have

survived remarkably well in view of the liquefaction-induced ground deformations (Figure 3.3).

Damage to underground utilities, however, was extensive throughout the liquefied area.
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Figure 3.2: Evidence of liquefaction damage in a residential area ofNishinomiya; buckled
pavement, cracked curbs, differential settlement.

Figure 3.3: Relatively undamaged houses in a residential area in Ashiya. Note the evidence of
lateral spreading caused by the liquefaction of the fill.

29



3.2 Port Facilities and Artificial Islands

3.2.1 Setting and Soil Conditions.

The main port facilities in Kobe harbor are located primarily on reclaimed land along the

coast and on two man-made islands, Port Island and Rokko Island; which are joined by bridges to

the mainland (Figure 3.1). The liquefaction and lateral spread-induced damage to harbor structures

on the islands disrupted nearly all of the container loading piers, and effectively shut down the Port

of Kobe to international shipping. All but 6 of about 187 berths were severely damaged.

Port Island was constructed in two phases; only Phase I is shown in Figure 3.4. Phase I,

consisting of 436 ha was completed in 1981 after 15 years of filling and construction operations.

Located on the island are port facilities, wharves, container yards, high-rise apartments, an

amusement park, warehouses, and commercial buildings. The filling for Phase II, which consists of

a 390-ha area extending directly to the south of the area shown in Figure 3.4, began in 1986.

Completion of construction of Phase II facilities was scheduled for 1996. Rokko Island has an area

of 580 ha. Filling began in 1972, and reclamation was completed in 1992. Land use on Rokko

Island is much the same as on Port Island.

The fills beneath Port and Rokko Islands were constructed using residual soil formed by

weathering of granite (Masa soil), which was obtained from borrow sites in the Rokko Mountains

and brought to the site through a combination of conveyor belts and barges. This soil is collapsible

in its natural state and its grain size distribution varies depending on the degree of weathering. The

general ranges of grain sizes reported for the decomposed granite fills beneath Port and Rokko

Islands are shown in Figure 3.5. Beneath Port Island, the Phase I fill usually has a maximum grain

size between 2 mm and 40 mm, a mean grain size between 0.2 mm and 6 mm, and a fines content

between 5 percent and 30 percent. These grain-size characteristics indicate a material that is well

graded, rather coarse, and ~hich contains a significant fraction of gravel. Although the fines

content is somewhat low, deposits from sand boils that erupted to the surface contained layers of

very fine material which was slimy and difficult to walk on. The Phase II fill beneath Port Island

and the fill beneath Rokko Island are generally similar to the Port Island fill, except that material

from the Kobe Group, a layered Miocene sediment, was mixed with the decomposed granite.
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Accordingly, the latter fills are characterized by higher fines contents than the Phase I fill beneath

Port Island (Matsui, 1994).

Owing to the low strength and sensitive character (sensitivity of about 8 to 10) of the soft

alluvial clay on the sea bottom, a 2 to 3 m thick uniform coverage of the bottom was completed

before dumping the fill in 3 to 4 m thick steps across the site. Barge dumping continued to 2 m

below the water surface, above which end dumping from conveyor belts was used. Surface

compaction was used for the upper few meters.

A typical soil profile for Port Island, with some relevant soil properties, as gIven by

Nakakita and Watanabe (1981), is shown in Fig. 3.6. Some variations in thickness of the different

strata exists across the islands. Borehole logs plotted on Figure 3.6 show that SPT values, Nt ,

range between 5-10 blows/30 cm. The soil profile beneath the Portopia Hotel, shown in Figure 3.7,

is typical of Port Island sub-surface conditions. The diluvial sand and gravel layer is equivalent to

the interlayered sand and clay layer shown in Figure 3.6. This is the bearing layer for pile

foundations on the island. The conditions on Rokko Island are very similar (Figure 3.8), and blow

counts from several boreholes are shown in Figure 3.9. These blow counts are somewhat higher

than those measured beneath Port Island; nevertheless, the distributions of liquefaction effects was

generally similar.

Detailed site specific liquefaction studies were conducted for some projects on Port Island

prior to the earthquake. These studies applied a procedure similar to the "simplified procedure" of

Seed and Idriss (1982) for estimating effective cyclic shear stress ratios, 'rIa, which were thought to

be likely during anticipated earthquakes. The estimated peak ground acceleration used in these

studies was 0.15 g, and the duration corresponded to that expected from a magnitude 8+

earthquake. Critical accelerations determined from cyclic triaxial tests, for durations corresponding

to a magnitude 8+ earthquake, were determined to be about 0.2 g. Recent test data show somewhat

smaller critical accelerations for normally consolidated fill (Figure 3.10). On the basis of the

anticipated ground motions, the sites were judged to have adequate resistance to liquefaction.

I It is important to note that the average SPT energy used for the drill rigs in Japan is about 75 percent of nominal,
whereas the US energy efficiency is about 60 percent. Thus, the N-values used in empirical correlations should be taken
as about 1.2 times the measured values after correction for overburden pressure.
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However, as noted below, accelerations measured during the earthquake were much larger than

these pre-earthquake estimates.

3.2.2 Ground Motions.

Ground motions during the earthquake greatly exceeded the design motions for Port Island.

Motions recorded at a site in Kita Koen Park are tabulated in Table 3.1. This locality is on Port

Island, not far from the bridge to Kobe Ohashi, and is in an area disturbed by surface effects of

liquefaction.

Table 3.1 Maximum Accelerations in Gals Recorded near Kita Koen Park, Port Island

Depth Acceleration (gals)

NS EW un

Om 341.2 284.3 555.9

12m 564.9 543.2 789.5 .

28m 533.6 461.7 200.0

79m 678.8 302.6 186.7

The time histories at the four depths for the N900E component were already shown in

Figure 2.24. These records indicate that the onset of strong ground shaking began about 5 seconds

into the record, and the strong motions were effectively complete by 17 seconds. The records also

indicate that ground motions on the fill surface were greatly modified compared to records

registered at greater depths. These records indicate that as liquefaction occurred, large shear

stresses could be transmitted through the liquefied zone. As a consequence, accelerations

attenuated and fundamental periods lengthened at the surface compared to motions recorded below

the liquefied layer. N-values in the fill at this location ranged between 5 and 10 blows/3D cm,

which are typical values for liquefiable parts of the island. Thus, it was not surprising that

liquefaction occurred at this and other areas of Port Island since the recorded peak accelerations

below the liquefied layer were about four times the design accelerations and the surface

accelerations were about two times the anticipated values, despite the effects of liquefaction.
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3.2.3 Damage to Port Structures and Adjacent Facilities.

In general, the seismically induced liquefaction resulted in pervasIve lateral spreading

around the margins of the islands and mainland port areas, and in ground settlement within the

interiors of the islands. Figure 3.11 gives a partial listing of damaged areas on Port Island and also

shows areas of improved ground which are further discussed in Chapter 4. At many localities

lateral spreads pushed quay walls, used for berthing of ships, outward as much as several meters,

with average displacements of 2 to 3 m (Figure 3.12). A typical quay wall section consists of a

caisson, concrete box structures, up to 15 m wide and 20 m deep, with two or more interior cells

(Figure 3.13). These caissons were towed to the site, submerged in position to form the wall, and

then the interior cells backfilled with sand to form the quay.

Depressions and grabens, as deep as 4 m and as wide as 30 m, formed pervasively behind

the quay walls, and lateral spreading caused ground fissures parallel to the walls as far as 200 m

inland. Unfortunately, nearly all of the major cranes used for transferring containers and other

freight to and from ships were located within the graben or lateral spread zones. These structures

were pulled apart at their bases by lateral ground movements and tilted by the subsidence.

Supporting crane rails were also displaced and deformed (Figures 3.14 and 3.15). The extensive

damage to the giant cranes was particularly evident on Rokko Island (Figure 3.16). The outward

movement of the sea wall by as much as 3 m spread the crane legs off the wheel bogeys and, in a

few instances, led to collapse of the cranes (Figure 3.17). In other instances, the movement led to

deformation of crane legs and formation of plastic hinges above or within the horizontal brace

(Figure 3.18). The consequences of the loss of the port facilities is dramatically illustrated in Figure

3.19 by the large number of vans and trucks ready for export before the earthquake, which were

trapped in the flooded settled areas behind the displaced sea wall.

3.2.4 Specific Observations of Port and Quay Wall Damage.

Kawasaki Heavy Industries. A Kawasaki Heavy Industries facility is located on the mainland

waterfront south of the Harbor Land ferry terminal, as shown in Figure 3.1. The quay walls around

one large warehouse were displaced laterally and settled vertically enough to drop the apron slabs

below the water level and to severely tilt a large crane beside the warehouse (Figure 3.20). Damage

also occurred to quay walls, warehouses, and crane facilities south and north of the warehouse.
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Figure 3.14: Graben caused by lateral displacement of the quay wall
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Figure 3.15: Crane rail on Port Island that settled into graben behind
quay wall.
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Tsukiji-cho and Hyogo Pier. Tsukiji-cho and the Hyogo Pier are located on the mainland

waterfront south of Kawasaki Heavy Industries and to the west of Port Island (Figure 3.1). Without

exception, all quay walls around the full perimeter of the Tsukiji-cho were damaged to some

degree. The most spectacular quay wall failures were at the eastern ends of Hyogo Piers No. 1 and

No.2. At these piers, the quay walls displaced sufficiently to bring the warehouses and surrounding

apron slabs below water level: The end of Pier No.1 is shown in Figures 3.21 and 3.22, and the

end of Pier No.2 is shown in Figures 3.23 and 3.24. Similar quay wall damage occurred on the·

west side of Tsukiji-cho, just north of the land-bridge to Nakanoshima, as shown in Figure 3.25.

Karumojima-cho. Karumojima-cho is an island located about 4 km west of Port Island (Figure

3.1). Quay walls along both sides of the channel on the north side of Karumojima-cho were

extensively damaged by liquefaction-induced lateral deformations. Deformations were often

sufficient to drop the walls and apron slabs below water level, as shown in Figures 3.26 and 3.27.

Associated damage also occurred to structures located along the channel, such as the crane shown

in Figure 3.26. Damage to a tank farm located near the northwest comer of Karumojima-cho is

described in Section 3.5.

Of particular interest was the observed range of quay wall performance along the channel to

the west of Karumojima-cho, which corresponds to the channelized mouths of the Karumo and

Minato Rivers. The quay walls extending north and east from the southwest comer of

Karumojima-cho experienced relatively small amounts of deformation. Differential lateral

displacements between individual quay wall blocks were generally less than about 10 cm in this

area. These sections of the quay walls were protected by buttresses of reinforced concrete rip-rap,

as shown in Figure 3.28. Across the channel to the west is Minami-Komaecho, which is adjacent to

the Port of Nagata. The quay walls on the southern side of Minami-Komaecho (Figure 3.29,

looking west from the southeast comer), were also buttressed by reinforced concrete rip-rap and

experienced differential displacements between individual quay wall blocks that were generally less

than about 10 to 15 em. The quay walls on the eastern side of Minami-Komaecho (and facing

Karumojima-cho), shown in' Figure 3.30 (looking north from the southeast comer), were not

buttressed by rip-rap and suffered both vertical and lateral displacements of 1 to 2 ro. Ground

cracking' and sand boils were observed in the area behind these quay walls. This performance
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Figure 3.19: Vans and trucks ready for shipment before earthquake. Lateral spreading caused
1.5 m-2 m drop of paved surface and local flooding.

Figure 3.20: Quay walls around a large Kawasaki warehouse displaced laterally and vertically
enough to drop apron slabs below the water level and tilt large cranes.

Figure 3.21: Damage to the end of Hyogo Pier No.1
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Figure 3.22; Damage to the end of Hyogo Pier No.2.

Figure 3.23: . Damage to the end of Hyogo Pier No.2.
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Figure 3.24: Damage to the end of Hyogo Pier No.2.

Figure 3.25: Damaged quay wall on west side of Tsukiji-cho.
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Figure 3.26: Channel on north side ofoKarumojima-cho (looking east).

Figure 3.27: Channel on north side of Karumojima-cho (looking west).
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Figure 3.28:

Figure 3.29:

Dolos buttressed quay wall along west side of
Karumojima-cho.

Dolos buttressed quay wall along south side of Minami
Komaecho.

Figure 3.30:

,_.

Quay wall along east side of Minami-Komaecho.



indicates that buttressing with-reinforced concrete rip-rap had a beneficial restraining effect on wall

movements at this location. The relatively good perfonnance of buttressed quay walls was in sharp

contrast to the large deformations of the non-buttressed quay wall. This difference in behavior

warrants additional study. Similar beneficial buttressing was noted at Piers A, B, and C, at Maya­

Futo (described below), except that in these instances the buttressing effect was through a pile­

supported relieving platfonn.

Onohama-cho. Onohama-cho is located north of Port Island (Figure 3.1). The quay walls at the

south end of Shinko Pier No. 5 (the largest southward-extending pier) were severely defonned,

dropping the foundation for a crane and much of the surrounding apron slabs below the water level.

An aerial view of this damage is shown in Figure 3.31. The channel to the north of Onohama-cho

was ringed with displaced quay walls and associated damage.

East Bank of the Maya-ohashi Bridge (Harbor Expressway). The Maya-ohashi bridge on the

Harbor Expressway spans a channel between Onohama-cho and Maya-Futo north of Port Island.

The eastern end of this bridge is elevated above a spit of land extending off Maya-Futo. Severe

lateral spreading and differential settlements occurred on both the north and south sides of this spit

beneath the Maya-ohashi bridge. On the north side of this spit, the outward displacement of a quay

wall created a large graben and dropped a large truck halfway into the water (Figure 3.32).

Differential settlements of roughly 1 m occurred around the piers of the elevated highway in the

middle of this spit, as illustrated in Figures 3.33 and 3.34. These photographs also show the severe

damage to the reinforced concrete bridge piers.

Maya-Futo. Maya-Futo is located to the north of Port Island, east of Onohama-eho (Figure 3.1).

The quay walls for the four piers extending southward from the mainland were designed with

strong pile foundations to resist seismic loading.. An aerial view of the western-most pier (Figure

3.35) shows extensive cracking in the asphalt pavement and sand ejected by liquefaction across the

entire pier. Quay walls at the southeast comer of this western-most pier were the most significantly

defonned, with large gaps between quay wall blocks. Elsewhere, however, the quay walls

experienced relatively little defonnation.
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Figure 3.33: East bank of Maya-ohashi bridge: beneath elevated
roadway.

Figure 3.34: East bank of Maya-ohashi bridge: south side.



One of the piers at Maya-Futo was rebuilt in the late 1980s. The reconstruction was in three

sections: A,B, and C in order from the seaward end of the pier to the landward end. These

sections were designed to a nominal 0.25 g horizontal acceleration, which was unusually high for

the port of Kobe. There was no observable damage at either sections B or C of this new pier

complex and, at the time of the site visit, a container ship was tied up at section C and clearly

handling cargo (Figure 3.36).

Section A is a pile-supported structure built in front of the old seawall, leaving the old wall

in place. The new berth is 10m wide. The harbor bottom is at -10.3 m. The harbor bottom was

excavated and backfilled with gravel to an elevation of -13.0 m; the excavated area extended about

12 m in front of the new wall. A single row of very tightly spaced vertical piles were driven 1 m
. . .

back fr9m.the front of the new wall, terminating in the harbor bottom sand at elevation -21.5 m, or

slightly more than 10m below the mudline. A distance of 3.5 m behind this row of piles another

row of vertical piles was driven. These were spaced 3.0 m on center and driven to approximated

elevation -19 m. A further 3.5 m behind this row, another row of vertical piles was driven, again

3.0 m on center but terminating at approximately elevation -20 m. Immediately next to each of the

latter piles a batter pile was driven at an inclination so that the tips of the batter piles terminated at

about an elevation of -20 m at points and very near to the tips of the second row of vertical piles.

The space behind the new wall and between the piles was filled with gravel up to elevation -1.5 m.

The old quay wall, its sand backfill, and the piles supporting the old relieving platform were left in

place. The pavement over the old section was heavily damaged during the earthquake, but the new

platform and pavement showed no distress.

Sections Band C were constructed as concrete caisson structures. Both sections have four

cells. At section B, each cell is 3.25 m in width and filled with gravel. The width of the foundation

slab, at the base of the caisson, is 17.4 m. The caissons are founded on a gravel backfill that was

placed in a trench excavated into the harbor bottom sands. Trench depths varied from -13 m to -14

m, but the top of the gravel fill was consistently at elevation -10.3 m. Because the harbor bottom at

this section is a little deeper than elevation -10.3 m, the backfill rises slightly above the sea bottom.

The crest of the backfill extended some 5.5 m in front of the new wall.
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Figure 3.35: Aerial view of westem piers on Maya-Futo.

Figure 3.36: Undamaged Section C pier at Maya-Futo.
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The widths of the caisson cells in Section C are 3.825 m each, and the bottom mat is 19.70

m wide. The foundation trench for this caisson was excavated to elevation of -14.3 m and

backfilled with gravel to an elevation of -12.8 m, which is just below the natural harbor bottom.

The backfill extended about 3 m in front of the new wall.

Higashi-Kobe Ferry Pier. The Higashi-Kobe Ferry Pier is located on the mainland to the north of

Uozakl-Hamacho, as shown in Figure 3.1. This ferry pier includes four different berths with

loading ramps:for automobiles and passengers. The eastern two berths were inspected and, at both

berths, the quay walls were displaced outward and large grabens formed that were 6 to 10 m wide

and 2 to 3 m deep. The ramps for the east-end berth straddled the graben, were tom apart, and had

collapsed (Figure 3.37). The columns supporting the inboard side of these ramp structures were

apparently supported by groups of one to four piles. The exposed piles were approximately 30-cm­

diameter steel pipe piles. Pile caps were dislodged from the supporting piles in several locations, as

shown in Figures 3.38 and 3.39. The exposed piles were generally hollow, although some were

partially filled with concrete. Embedment of piles into the pile cap appeared limited, with no

apparent connecting steel ties, dowels, or other strengthening details.

The inboard columns of the damaged ramp structures and the graben behind the displaced

quay wall east of the terminal building were apparently supported by piles, in groups of four. These

piles were approximately 35-cm-diameter steel pipe piles filled with concrete with some vertical

,reinforcing steel connecting the pile to the cap. The damage to the pile-to-pile-cap connection in

the exposed piles at this location is shown in Figure 3.40. Overall, the damage to the pile

foundations -of the loading ramps at the-Higashi-Kobe Ferry Pier was clearly a consequence of

severe lateral displacement of the surrounding ground. This poor behavior contrasts with the good

performance of pile-supported structures where liquefaction led to ground settlement, but not to

large lateral ground deformations. This better behavior is described following section.
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Figure 3.37: Ramp structure at Higashi-Kobe ferry pier.

Figure 3.38: Pile caps for ramp structure at Higashi-Kobe ferry pier. Figure 3.39: Pile caps for ramp structure at Higashi-Kobe ferry pier.



3.3 Building Foundations

The interiors of the Rokko and Port islands settled as much as one meter with an average of

about. 0.5 m. This settlement was accompanied by pervasive eruption of large sand boils that

flooded many areas and covered much of the island with sand boil deposits as thick 0.5 m (Figure

3.41). Ground settlements were relatively uniform, with most roadways and other open areas

showing little evidence of differential ground deformation. Many fissures, however, opened in

these areas and formed conduits through which sand boils erupted. Most of the structures on these

islands, including many low-and high-rise buildings and a monorail system on Port Island, are

founded on deep foundations, presumably piles and piers, that extend to competent material below

the fill. These deep foundations generally performed well, remaining in place and providing

uninterrupted. support for the overlying structures. In nearly all instances, the ground subsided

around the buildings, with the foundations remaining at the constructed elevation and providing a

reference for estimating ground settlement (Figure 3.42). A common consequence of settlement

was the protrusion of pile-supported structures above ground surface. For example, the ground

around piers supporting the monorail on Port Island settled as much as 0.5 m relative to the pier

caps (Figure 3.43).

Many buildings on piles near the piers suffered little damage (Figure 3.44). However,

inspection of foundation elements that were exposed to ground displacements beneath some

buildings, revealed severe damage to piles due to lateral ground displacement. For example, Figure

3045 shows a badly cracked pile with buckled reinforcing steel; this pile supported the comer of a

low-rise building. This pile evidently was cast with nominal reinforcement and had been designed

to resist vertical loads only. Another hollow concrete tube pile with nominal reinforcement under

the same building fractured completely and was displaced about 20 em (Figure 3.46).

Some imprints showing relative displacements between piles and surrounding soil were

provided by ground and pile movements under an inner crane rail on Rokko Island. The imprints

of the pile circumference on the displaced soil (Figures 3.47) give an accurate measure of relative

displacements. At this locality, closer examination of the piles was not possible, but the piles

appeared undamaged.
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Figure 3040: Damaged pile to pile-cap connection at Higashi-Kobe
ferry pier.

Figure 3.41: View of sand deposits, as deep as 0.5 m, generated by
eruption of sand boils and associated ground settlement.
Pile of sand in center of photo was scraped up in 0

preparation for transport from area.

,

Figure 3.42: Approximately 0.3 m ground settlement around ferry
terminal on Port Island.

Figure 3.43: Pier supporting a section of elevated railway on Port
Island rose relatively about 0.4 m as aconsequence of
ground settlement.



Figure 3.44:

o

Extensive lateral spreading, -2 m, and associated
settlement exposed warehouse foundation piles on Port
Island.

Figure 3.45: Cracked pile and extension of nominal vertical
reinforcing. Piles not designed for lateral spreading.
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Figure 3.46: Sheared and translated hollow-tube pile which had little
lateral resistance. Pile had supported warehouse building
shown in Figure 3.44.

Figure 3.47: Example of soil movement about pile; pile apparently
stayed in place while soil oscillated back and forth leaving
imprint in soil about 30 cm to left of pile. Pile supported a
crane rail on Rokko Island.



Port Island Ferry Terminal. Two buildings at the newly completed ferry terminal on Port Island

provide examples of generally good performance. The seaward ends of both buildings lay within a

graben that formed due to liquefaction and seaward displacement of an adjacent wall (Figure 3.48).

Inland from the graben, both buildings were intersected by additional open ground fissures caused

by lateral spread. The larger of the two buildings, the main ferry terminal, was constructed on a

pier-supported grid of perimeter walls and connected grade beams. The fill and an overlying

asphalt apron were pulled away from the building in the graben area, exposing the foundation

(Figure 3.49). Other than one benign horizontal crack in one pier, which may have been of pre­

earthquake origin, inspection of the exposed piers revealed no damage or distress to either the piers,

their connections with overlying perimeter walls, or the superstructure (Figure 3.50). The perimeter

and internal foundation walls beneath the building were strongly tied together and acted as a

diaphragm, effectively preventing differential horizontal movements between structural elements,

including pier caps. An inspection of the interior of the building also revealed no cracks or other

structural damage. In addition to the graben and lateral spread displacements, as much as 0.3 m

ground settlement occurred around the perimeter of the building (Figure 3.42). In spite of these

relatively severe liquefaction effects, the building and its deep foundation were apparently

undamaged and the building was in operation within a few days after the earthquake, albeit without

gas for heating or water for drinking and sanitation.

The second and smaller building at the ferry port was either constructed on shallow

foundations or a deep foundation that did not fully penetrate the liquefiable fill. This building

remained intact and generally undamaged, but tilted about 2.5 degrees downward toward the

graben. The back part of the building subsided into the graben, but the structure rotated as a block,

with little or no structural damage, at least as revealed by a brief inspection of the first floor. There

were a few hairline fractures in the foundation a few meters inland from the edge of the graben, but

these cracks did not continue upward into the superstructure. The building was also intersected by

several open fissures, indicative of lateral spreading toward the graben, without fracture of the

foundation.
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Figure 3.48: Air view of ferry terminal buildings on Port Island. Backs of buildings are in graben area. Lateral spread
fissures, dark lines on top of photo, pass beneath buildings. View looking southward.

Figure 3.49: Lateral spread and graben exposed foundation walls and
supporting shafts beneath the larger ferry tenninal
building (see Figure 3.48).

Figure 3.50: Shaft (0.5 m diameter) beneath larger ferry building was
undamaged by liquefaction induced ground settlement and
lateral spread.
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Harbor Land Ferry Tenninal. An example of poor performance in areas of lateral spreading is

provided by the tenninal building for the Harbor Land Ferry, located on the Kobe waterfront

northwest of Port Island (Figure 3.1). Differential settlements of roughly 0.5 m occurred between

the surrounding ground and the terminal building (which appears to be pile-supported). On the

north side of the tenninal building, the ground spread toward the waterfront which was about 10m

from the building (Figure 3.51). As a consequence, a column near the northeast comer was

displaced laterally 0.5 m to 1 m, enough to tear the bolts from the first floor cross-beam connection

and leave the column tilting outward at the base (Figure 3.52).

Kobe and adjacent communities. Many low-rise buildings in the Kobe area, built on reinforced­

concrete shallow footings, performed well during the earthquake. These buildings were primarily

2-story houses and small commercial or industrial buildings. For example, liquefaction within or

underneath a relatively recent fill in Ashiya caused the eruption of many large sand boils and the

opening of many fissures (Figure 3.5~). Although a few houses tilted slightly, none were seriously

damaged as seen in Figures 3.2 and 3.53. The foundations consisted of reinforced concrete

perimeter footings with inter-tied crossing grade beams; these foundations acted as diaphragms,

preventing differential movements between foundation elements. An example of this type of

foundation under construction is shown in Figure 3.54. The foundation consists of a well

reinforced perimeter wall footing with interior grade-beam footings that also reinforced and tied

into the perimeter walls. This type of foundation also performed well in similarly liquefiable areas

during the 1993 Hokkaido Nansei Oki earthquake (Youd et al., 1995).

3.4 Bridges

Although many elevated highway and railway bridge structures collapsed or were severely

damaged during the earthquake, nearly all of this destruction was due to structural rather than

foundation failure. Members of the investigation team inspected bases of bridge piers in most areas

where the most severe bridge damage occurred; .little evidence was observed of penetration or

tilting of foundation elements, except for several tilted piers in areas of lateral spreading.
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Figure 3.51: Lateral spreading on north side of Harborland ferry tenninal.
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Figure 3.52: Damaged column-beam connection on north side of Harborland ferry tenninal.
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Figure 3.53:

Figure 3.54:

Modern Japanese houses in Ashiya constructed with wood studs and plywood sheeting similar to
many U.S. single-unit houses. Liquefaction and ground oscillation occurred beneath area. Piles of
sand in roadway are from residents dearing sand boil deposits from their gardens. The only
damage noted in this area was slight tilting of a few houses.

...~

Foundation under construction for house in Kobe area. Note that perimeter and interior wall
footings are well reinforced and tied together. Foundations of this type allowed houses in areas
affected by liquefaction to survive the earthquake with no damage except for slight tilting of a few
units.

59



· On the Kobe mainland,. most of the piers supporting damaged highway and railway bridges

were examined. Most of the foundation elements were hidden from direct view by overlying soils

and pavements, but the bases of piers extending upward out of the soil were nearly all plumb and

undamaged. Above these lower segments, however, structural damage was pervasive and

commonly severe. For example, Figure 3.55 shows a spalled bridge pier supporting an elevated

highway section. The fissures in the foreground are evidence of ground defonnation caused by

liquefaction and ground oscillation. In spite of the evident occurrence of liquefaction around the

pier, no penetration or tilting of the pier was detected.

For some new bridges, especially those with tall piers, ground conditions were an important

factor leading to bridge damage. Liquefaction apparently reduced resistance to lateral forces on

foundation piles, while lateral spreading imposed increased lateral loads on these same elements.

As a consequence, several bridge foundations shifted laterally which caused lateral displacement or

tilting of the supported bridge piers. In a few instances, pier displacements were large enough to

dislodge bridge girders, causing the girders and deck to fall to the ground. A example of this type

of failure is shown in Figure 3.56, where a bridge pier tilted and shifted sufficiently to allow one

end of the bridge deck to slip off its bridge seat and fall to the ground. That bridge fonned part of a

causeway from the mainland to Rokko Island.

Liquefaction andlateral spreading may have also played a part in the collapse of a section of

the Nishinomiya Bridge (Figure 3.57). The entire fill beneath the approach to the failed bridge was

disturbed by liquefaction and lateral spreading (Figure 3.58). The lateral ground displacements may

have displaced the bridge pier leading to the collapse.

The damage to bridges with tall columns in areas of liquefaction and lateral ground

displacement suggest that more attention should be devoted to making reliable estimates of

displacements of bridge columns during earthquakes. Such an analysis should realistically model

the response of column and the pile foundation.
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Figure 3.55: Major elevated highway structure in Kobe that suffered considerable spalling of concrete and
distress of reinforcing steel in single column support. No evidence of foundation penetration or
tilting was detected, even though fissures in foreground and nearby sand boils indicate liquefaction
and ground oscillation were pervasive beneath bridge.

Figure 3.56: Tilting of support on Rokko Island causeway (-40 cm at top) led to drop of girder.
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3.5 Tank Foundations

General observations. There are numerous tank farms in the area most severely affected by the

earthquake. Some of the tank farms are associated with the port facilities, while others provide

storage for refineries, fossil fuel power plants, and chemical manufacturing facilities. Most of the

tanks surveyed from the air appeared to have performed well, and there were no reports of

widespread damage to tanks even within port areas disturbed by severe liquefaction effects. The

generally good performance of tanks may be due to the apparent practice of placing tanks on pile

foundations. However, there were a few exceptions to the generally good performance; these few

instances of poor performance may have been due to use of mat foundations in areas where

liquefaction occurred. The following sections describe observations noted at selected tank farms

visited by team members during this reconnaissance.

Higashinada Power Station Fuel Tank. The Higashinada Power Station is owned and operated by

the Kansai Electric Power Company, mc., and is located on the southwest corner of a man-made

island, Uozaki-Hamacho, near the north side of Rokko Island (Figure 3.1). Figure 3.59 provides an

aerial view of the facility. Estimated peak ground accelerations in this area were 0.5 g to 0.7 g. As

with many of the man-made harbor fills in the Kobe area, the island experienced extensive

liquefaction. Figure 3.60 shows the south quay wall of the island which displaced laterally toward

the water. This lateral movement was associated with two major fissures bracketing a 5-meter­

wide tension zone located app~oximately 10 to 15 meters behind the south quay wall. There was

also movement and cracking along the quay walls on the. west side of the island. Numerous sand

boils erupted within the power station complex, fissures formed, pavements fractured and

separated, and the ground settled differentially. A group of tanks used to store fuel and water for

the power station was constructed approximately 50 to 60 meters inland from the quay walls. An

excavation had been made around the perimeter of one of the tanks to expose the piles for

inspection of damage (Figure 3.6i). The tank, reportedly supported by 33 piles extending to depths

of approximately 33 meters, was undamaged. The piles consist of reinforced-concrete sections with

diameters of approximately 35 centimeters. Twelve of the 33 piles were arranged in an outer ring

near the perimeter of the tank (Figure 3.62); the rest are situated closer to its center. Beneath the
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Figure 3.57: Collapse of a span of the Nishihomiya bridge on the new
Harbor Expressway.

Figure 3.58: Note liquefaction induced lateral spread fissures and
sporadic sand boils near pier of Nishihomiya bridge which
previously supported collapsed freeway section..
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Figure 3.59: Aerial view of Higashinada power station Figure 3.60: South quay wall near Higashinada Power Station.



tank, the ground had liquefied and settled 28 centimeters. Lateral spreading near the tank seemed to

have been insignificant. From within the perimeter excavation, daylight was visible between the

tops of the piles (Figure 3.63).

. Damage to the exposed portions of the piles appeared to be relatively light. Several piles

contained hairline cracks in the upper meter or two (Figures 3.64). At least one pile contained

intersecting cracks that could allow large of concrete to spall out. The most seriously damaged

piles were located along the northwestern part of the perimeter. The piles appeared repairable and

thus were not classified as having failed.

Hanshin Silos. The Hanshin silos are located a few hundred meters to the east of the Higashinada

Power Station on Uozaki-Hamacho (Figure 3.1). Some of these silos are visible in the background

of Figure 3.60. Severaf silos, at the western end of a complex of attached silos, sustained

significant structural damage. As shown in Figure 3.65, the tops of the western silos are irregular

due to differential settlement, and parts of the silo skins appear to have buckled and sheared. One

of the silos collapsed and damaged an adjacent wharf and crane structures. This site was not visited

on the ground during this reconnaissance and no information on foundation type or cause of failure

was obtained. However, due to the widespread liquefaction on the island, ground failure must be

considered a potential contributor to the observed structural failure. A point worth investigating is

why the majority of the silos appeared to perform well whereas those on the western end suffered

distress and failure.

Karumojima Tanks. Field reconnaissance in the western Kobe area of Karumojima near the Port of

Nagata identified several small tank farms. Most of this area consists of man-made fills situated

around the channelized mouths of the Karumo and Minato Rivers. This area was estimated to have·

sustained peak ground accelerations of between 0.5 and 0.7g. Extensive liquefaction was observed

in this area in the form of sand boils, differential settlements, and quay wall distress. Figure 3.66

shows a view along one of the channels affected by slumping of quay walls. In the background of

the photograph are several tanks which tilted in one or more directions. The ground around these

tanks contained several large fissures, presumably associated with the lateral spread, and sand boils

had erupted through many of the fissures (Figures 3.67).

64



'------,

Figure 3.61: Damaged pile-supported tank at the Higashinada
PowerStation.

Figure 3.62: Close up view of the exposed perimeter piles supporting
the tank shown in Figure 3.61.
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Figure 3.63: Gap beneath the tank mat created by settlement of
liquefied soil.

Figure 3.64: Excavated upper part of pile foundation beneath the tank
shown in Figure 3.61.



The tilting of the smaller diameter tanks appeared to be a result of one side of the

foundation mat sinking into the ground, presumably a result of liquefaction. Although there was no

information available regarding foundation type and no excavation had been made at the site, the

performance of the mats for the smaller tanks suggested that they were founded at shallow depth

and were not supported by piles. The tilting of the large tank is thought to have occurred in a

similar manner. However, the large tank had a perimeter concrete collar ring which separated from

the tank as the tank settled into the ground (Figure 3.68). Although this separation led to an offset

of several centimeters at the collar ring, it is not known if a structural failure of the mat was

involved.

Nippon Gatx Tanks. Nippon Gatx Company, Ltd. operates a tank farm located at the Port of

Nagata in the western Kobe area. Figure 3.69 is an aerial view of this tank farm. There are several

dozen tanks at the facility that are used to store chemicals such as ethylene glycol, alcohol, and

water. The terminal manager for the facility reported that none of the tanks were on piles and

several of these tanks were observed to be tilted after the earthquake (Figure 3.70). As at the

Karumojima tank farm, the cause of the distress appeared to be liquefaction of foundation soils as

evidenced by several sand boils and ground fissures that developed in the area. The mats settled

differentially, with one end sunken into ground and covered with ejected sand (Figures 3.71 and

3.72).

3.6 Other Observations

While most of the liquefaction damage was located in Kobe and its immediate vicinity,

some recent fills failed as far away as the Osaka waterfront. The Tempoyama Park (Osakako) and

the Osaka Ferry Terminal are located on a man-made island in the Port of Osaka, approximately 2

kilometers south of the mouth of the Yodo River (Figure 1.1). Peak ground accelerations in this

area were estimated to have been, 0~2 g to 0.3 g. Liquefaction effects were observed only within a

few blocks of the Osaka Ferry Terminal. The liquefaction effects consisted of sand boils, pavement

separations, differential settlements, and ground fissures generally 1 to 5 centimeters wide. The
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Figure 3.65: Aerial view ofthe Hanshin silo complex. Figure 3.66: Listing tank at the Karumojima tank fann. Note the
ground cracking due to lateral spreading in the
foreground.

Figure 3.67: Fissures and sand boils within Karumojima tank fann. Figure 3.68: Displaced collar ring around a large tank in the
Karumojima tank fann.



Figure 3.69: Aerial view of the Nippon Gatx tank farm. Figure 3.70: Listing tanks in the Nippon Gatx complex.
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Figure 3.71: Differential settlement at the base of a water tank in the
Nippon Gatx complex.

Figure 3.72: Differential settlement at the base of a chemical tank in
the Nippon Gatx complex.



most severe liquefaction effects in Tempoyama Park, a hillside park immediately to the east of the

ferry building. This park contains an artificial hill, approximately 10 meters high, constructed near

the edge of the island. This park was beautified with trees, walkways, and picnic areas.

Liquefaction of the fill beneath the man-made hill and adjacent fill caused lateral spreading in

several directions, manifested by fissures and sand boils (Figures 3. 73 and Figure 3.74).

3.7 Summary

Deleterious effects of liquefaction were major contributors to the vast amount of damage

inflicted by the 1995 Hyogoken-Nanbu earthquake. In particular, port facilities were severely

impacted by liquefaction-induced ground displacements. These ground movements pervasively

displaced quay walls seaward by an average of 2 m to 3 m and created grabens 2 m to 4 m deep

landward from the walls. The damage generated from these ground disturbances effectively shut

down the Port of Kobe to shipping; only 6 of about 187 shipping berths were operational after the

earthquake. Most of these berths were located around the margins of Port and Rokko islands (filled

islands within Osaka Bay) and along filled segments of the Kobe shoreline. Most of the fill in these

areas consisted of poorly compacted decomposed granite that was excavated from borrow areas in

the Rokko Mountains. This material was transported to the fill sites and loosely dumped in water

locations to form the "made-ground." Compaction was generally only applied to materials placed

above water level. Liquefaction occurred pervasively within underwater segments of these poorly

compacted fills. Around the exteriors of islands and along the Kobe waterfront, liquefaction

generated lateral displacements that devastated the port facilities as noted above. This destruction

graphically illustrates the vulnerability of waterfront structures constructed on loose, saturated soils

to the severe consequences of liquefaction, as well as the need to improve the ground under such

important facilities to prevent these deleterious effects.

Within the interiors of the man-made islands, liquefaction led to pervasive eruption of sand

boils and to rather uniform ground settlement averaging about 0.5 m. The ground settlement

caused surprisingly little damage to high-and low-rise buildings, bridges,. tanks and other structures

supported on deep foundations. These foundations, including piles and piers, performed very well

in supporting superstructures where ground settlement was the principal effect of liquefaction.
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Figure 3.73:

Figure 3.74:

Fissure indicative of liquefaction and lateral spread in Osakako park which is located on
a small artificial island near the ferry terminal at the port of Osaka.

Fissures in Osakako park indicative of liquefaction, differential ground settlement, and
lateral spread.
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Where liquefaction generated lateral ground displacements, such as near island edges and in other

waterfront areas, foundation performance was typically poor. Lateral displacements fractured piles

and displaced pile caps, causing structural distress to several bridges, a few of which collapsed. In a

few instances, such as the Port Island Ferry Terminal, strong foundations withstood the lateral

ground displacement with little damage to the foundation or the superstructure.

Shallow foundations consisting of a grid of interconnected perimeter-wall footings and

grade beams performed well in several areas subjected to minor effects of liquefaction, such as

eruption of sand boils, ground oscillation, and minor lateral spread. In these instances, the

foundation behaved as a diaphragm, preventing differential ground displacements from propagating

upward into the superstructure. Most of these structures were small buildings, such as houses and

low-rise commercial and industrial facilities. Where foundation elements were not well tied

together, differential ground displacements pulled apart overlying structures at points of weakness,

such as joints and doorways.

Although hidden from view, and thus not widely examined during this reconnaissance,

damage to pipelines and other buried utilities was apparently widespread in areas affected by

liquefaction, both in areas of pronounced lateral ground displacement and in areas of ground

settlement, ground oscillation and minor lateral spreading. The information collected in this study

is insufficient to delineate the extent of damage or the performance of various types of pipe and

embedment conditions. These topics, along with more quantitative evaluation of ground and

structural response, provide an extraordinary opportunity to evaluate the performance of modern

urban and industrial infrastructure in areas subjected to moderate to severe effects of liquefaction.
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CHAPTER FOUR: PERFORMANCE OF IMPROVED GROUND SITES

Ground improvement has been used at several filled sites in the Kobe area, primarily on

Port and Rokko Islands. Both islands consist of hydraulic fills overlying soft alluvial clays. In­

fonnation about the setting, soil conditions and ground motions is given in Section 3.2. A typical

soil profile for Port Island with relevant soil properties, as given by Nakakita and Watanabe

(1981), is shown in Fig. 3.6. As the intensity of ground motions at some of the improved sites

was higher than has been experienced in past earthquakes, examination of their behavior pro­

vides valuable data concerning the effectiveness of ground improvement methods for mitigation

of liquefaction and ground failure.

4.1 Ground Improvement Methods

Sand drains in the young alluvial clay layer and preloading were used at a number of lo­

cations on Port and Rokko Islands for settlement control, and most of the high-rise structures,

elevated rail lines, bridges, and many of the other buildings were founded on piles. In general the

pile supported structures performed well. The installation of the sand drains was reported to give

an increase in the SPT N-value of the sand hydraulic fill of the order of 2 to 3 blows per 30 em.

Additional densification of the hydraulic fill was undertaken only at a few locations. It is the re­

sponse of this densified ground that is of particular interest here.

Most of the densification was done using either the vibro-rod method developed by Saito

(1977) or the sand compaction pile method developed by Murayama (1958). Both of these

methods are described by Mitchell (1981). In the vibro-rod method a vibratory pile hammer is

used to penetrate the ground repeatedly by a specially designed probe. In the sand compaction

pile method a casing pipe is driven to the desired depth using a vibrator at the top. A sand charge

is introduced into the pipe, and the pipe is withdrawn part way while compressed air is blown

into the casing to hold the sand in place. The casing is then vibrated down to compact the sand

pile and enlarge its diameter. The process is repeated until the pipe reaches the ground surface.

For both the vibro-rod and sand compaction pile methods the spacing between columns is ordi­

narily 1.5 to 3.0 m depending on the loading conditions and fines content of the soil being
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treated. For construction on land a sand compaction pile diameter of 700 rnm is used, and the

pile diameter by the vibro-rod method is about 600 mm.

4.2 Amusement Park on Port Island

4.2.1 Location and Treatment

The Kobe Portopialand Amusement Park is located along the southern boundary of Port

Island Phase I, as shown in Figure 3.4 and 3.11. The ground surface, which is about 1 m higher

than the surrounding area, is typically about 3 to 6.5 m above the Mean Water Level, and thus the

fill is largely submerged. Within the amusement park area the fill was treated in 1979 by the vi­

bro-rod method over its full 19 m thickness using a 2.6 m square pattern. Post-treatment SPT

blow counts typically ranged between about 20 and 30, with averages of 21 and 23 at the rod lo­

cations and between rod locations, respectively. Figure 4.1 shows typical SPT blow count data

with depth corresponding to the pre-treatment (one set) and post-treatment (two sets - one at the

center of a rod location and the other between rod locations) conditions. It was reported that the

ground surface settled of the order of 30 to 40 cm during treatment.

4.2.2 Observations Around the Park Perimeter

A narrow parking lot is located along the south side of the park, between a retaining wall

for the park.to the north at an elevation about 2 to 3 m higher than the parking lot, and the origi­

nal Port Island Phase I sea wall that parallels the park wall to the south. The concrete pavement

slabs separated along the long axis of the parking lot and soil ejecta (predominantly sand) cov­

ered the entire parking lot, as may be seen in Figure 4.2. Water marks on the entrance kiosk

showed that the parking area filled to a depth of roughly 1 m (Figure 4.3).

The east side of the park is separated from the adjacent road by a: strip of unpaved,

fenced-off ground. At the southern edge of the east side there is a small water supply building

that is fenced on all sides. Liquefaction ejecta covered much of the enclosed area around this

building, and differential settlements and ground cracking occurred around the building. At the

northern end of the east side there was a large sand boil within the fenced off area. No other evi­

dence of liquefaction was observed in the fenced-off area along the east side. The adjacent street
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surface had a hummocky appearance, and on the other side of the street differential settlements of

10 to 50 cm were observed between a building and its adjacent sidewalk and fence.

The north side of the park is next to a road and elevated railway. Differential settlements

of 20 to 50 cm occurred between the supporting piers for the railway and the adjacent ground sur­

face. Sand boils were also observed in this area.

The west side of the park is next to the grassy area of a public park. Large sand boils and

many ground cracks were seen in the grassy area near the amusement park (Figure 4.4). A dif­

ferential settlement of roughly 30 cm was observed between a ramp to the elevated railway and

the surrounding ground near the northwest comer of the amusement park (Figure 4.5).

4.2.3 Observations Inside the Amusement Park

The amusement park contains a large number 9f buildings and elevated supports for rides.

All structures inside the park reportedly were constructed on shallow foundations. The large

Ferris wheel, perhaps the largest structure in the park, was reported to be founded on spread

footings tied together by grade beams. At the time of the reconnaissance, no specific survey data

about the park was yet available.

Clear evidence of liquefaction inside the amusement park was limited to a small area near

the southwest comer, where ground cracking and sand boils were observed as shown in Figure

4.6. Additional cracking and ejecta were observed along most of the southern boundary of the

park (Figure 4.7), although some of this may have been the result of a broken water line. Over

the remainder of the park the only apparent damage consisted of occasional cracks and separa­

tions in pavement materials that were generally less than 5 mm wide, but up to 25 mm wide in

some spots, with Figure 4.8 being an example. Cracks and separations generally were smallest

near the northern boundary and became progressively larger toward the south. Many large areas

in the park had no visible cracks, separations, or differential settlements, as illustrated in Figure

4.9.

No differential settlements were observed at any of the large footings for the Ferris wheel

or roller coaster. The roller coaster was operated during the field reconnaissance and appeared to

function satisfactorily. No signs of structural distress were seen in. any of the park facilities, and

all gas lines were reported to be intact.
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Figure 4.1: Pre- and post-treatment standard penetration resistance
values at the Portopialand Amusement Park site on Port
Island (after Fudo Construction Co., Ltd., 1995).

Figure 4.2: Parking lot between the Phase I seawall on the south and
the Portopialand Amusement Park on the north. \0

f"-.

Figure 4.3: Parking lot kiosk showing high water level caused by
sand liquefaction.

Figure 4.4: Sand boils and ground cracks in the grassy area near the
amusement pm:k.
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Figure 4.5:

Figure 4.7:

Differential settlement and sand boils
outside the northwest comer of the
amusement park.

'~,

.,);,~

.1r-

Cracks and ejecta along the southern
boundary of the amusement park.
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Figure 4.6:

Figure 4.8:

Sand boil at the southwest comer of
the amusement park.

Small separation between pavement
and concrete in the amusement park.



4.2.4 Discussion

Foundations within the park performed well. Without survey data, however, it is impos­

sible to determine whether the park settled or not. The absence of visible structural damage in­

side the park does suggest that any areal settlements that may have occurred did not result in un­

acceptable differential settlements. However, outside the park on many other parts of the island,

the liquefaction-induced settlement was remarkably uniform, and many ~large paved areas away

from pile supported structures sustained no visible damage. Differential settlement between the

park and the surrounding area was not clearly observed, although only the eastern boundary could

be inspected readily.

The significance of the observed liquefaction inside the park along its southern boundary

depends on the southern limit of the ground improvement. Liquefaction evidence was mostly

within a distance of 10 to 20 m from the southern fence line, which is roughly one half to one

times the thickness of the liquefiable fill. Given the extensive liquefaction observed in the park­

ing lot on the south side of the park, ground cracks and soil ejecta could be expected to extend

some distance into the treated area. Correlation of the ground performance with level of im­

provement, together with accurate settlement and lateral displacement data both within the park

and in the surrounding areas should provide valuable insights for design of ground improvement

projects in the future.

4.3 Warehouse Facility on Port Island

4.3.1 Location and Treatment

Ground improvement was performed at a warehouse facility that includes six main

buildings and additional secondary structures covering an entire block near the northwest corner

of Port Island, as shown in Figure 3.4. According to office personnel at this site, the "Office"

building has deep foundations; whereas, all the other buildings are on shallow foundations. This

improved ground site is very close to the seismic monitoring station from which the ground mo­

tion data reported in Table 3.1 were obtained. A site map showing the locations of the different
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buildings is shown in Figure 4.10, and an aerial view is shown in Figure 4.11. The thickness of

the dumped fill, which reportedly has a fines content ranging from 15 to 30 percent in this area, is

up·to 16 m.

The vibro-rod method was used to improve the site in 1977, with treatment extending a

distance of 2 to 5 m laterally beyond the building footprints. Although it is customary to extend

the treatment zone beyond building footprints a distance of half the depth of treatment, this was

not possible around all the buildings at this site because of space limitations. The vibro-rod

reached depths ranging from about 12 to 16 m, corresponding to the full thickness of the fill in

this area. A triangular pattern with 2.4 m spacings was used. The areas between the buildings

apparently were not treated.

A two-column wide strip of about 18 m long gravel compaction piles, with the 0.6m di­

ameter piles spaced at 2 m on centers, was installed around the perimeter of the treated site.

These compaction piles were constructed using the same procedure as used for sand compaction

piles. Ground surface subsidence of 20 to 30 cm as a result of treatment was observed. The av­

erage SPT penetration resistance was reported to be 14 blows per ft prior to treatment and 27

blows per ft after treatment. SPT N-value profiles before and after treatment are shown in Fig­

ure 4.12, and it may be seen that the level of improvement was substantial.

4.3.2 Observations Outside Improved Areas

The aerial photo in Figure 4.11 taken shortly after the earthquake shows extensive soil

ejecta around the perimeter of the facility and some ejecta on the open areas between the ware­

houses. Warehouses in the surrounding areas are on untreated ground.

Ground settlement, cracking, and sand ejecta were widespread on all four roads bounding

the facility, with Figure 4.13 showing the road on the north side being a good example. Two

warehouses, both apparently on untreated ground, designated #2 and #3 in Figure 4.10 are lo­

cated north of the facility. The concrete floor slab inside warehouse #2 was badly damaged by

differential settlement and ground cracking. Warehouse #3 was not entered. A warehouse across

the street to the west had its concrete slab crack away from the apparently pile-supported column

footings and the slab then settled uniformly about 50 cm relative to the footings. Sand ejecta
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Figure 4.9: Undamaged area in the central portion of the
Portopialand amusement park.

Figure 4.10: Site plan of the warehouse facility on Port Island where
ground improvement was used.
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Figure 4.12:Aerial view of the Port Island warehouse facility.Figure 4.11:



covered the concrete slab. There were large settlements and large differential settlements adja­

cent to a pile supported warehouse on untreated ground across the street to the south of the

treated site, as may be seen in Figure 4.14.

4.3.3 Observations Within the Treated Area

The untreated open areas between the warehouses within the ground treatment area had

several cracks in the asphalt pavement, some up to 2 to 10 cm wide, with the largest cracks ob­

served outside Warehouse C. Sand ejecta were observed along some of the larger cracks. Two

secondary structures, labeled WI and W2 in Figure 4.10, along the north side of the facility, had

damage to their concrete slabs. Inside WI the slabs had cracks up to 3 cm wide, vertical offsets

of up to 5 cm,· and sand ejecta along some of th~ cracks.. Structure W2 was closed, but severe

cracking was visible inside. The northwest comer of W2 was undermined by large ground dis­

placements toward the road.

The "Office",. which is the only pile-supported structure within the warehouse complex,

was not entered; however, no structural damage was observed from the exterior. Some settle­

ment and cracked glass were observed at the entrance, as seen in Figure 4.15. There was about

30 cm of differential ground settlement at the southeast comer of this building.

Warehouses A, B, and 1 were found to have minor cracks and separations of up to 1 cm

in their interior concrete floor slabs, with most separations occurring along joints. No visible dif­

ferential settlements were observed between column footings and the adjacent concrete slabs.

These warehouses were in operation with no disruption to the steady stream of fork-lift traffic in

and out of the warehouses. Figure 4.16 is a view along the back of Warehouse A. Figure 4.17 is

a view within Warehouse B.

Warehouse #21 had the worst damage observed within the treated area. Concrete slabs

had been removed from the northern portion of #21 as a result of excessive cracking. In the

southern portion the concrete slabs had cracks up to 5 cm wide and differential settlements up to

5 cm relative to the column footings. A large ground crack, 0.3 m wide and 1 m deep was found

in the outside unpaved area near the southwest comer of Warehouse #21 (Figure 4.18).

Warehouse C, Figure 4.10, had more damage in its northern half than in its southern half.

The southern half had cracks and separations up to 2 to 10 cm wide in its concrete slabs, with
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Figure 4.13: Cracking, settlement and ejecta along the road north of
the facility. '

Figure 4.14: Settlement of untreated ground at building across the
street to the south of the warehouse facility. C'l
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Figure 4.15: Cracked glass and settlement at the entrance to the
pile-supported office building at the farehouse facility.

Figure 4.16: Exterior of the back of Warehouse A on the east side
of the site.



most separations occurring along the joints. The northern half had cracks and separations up to

20 to 10 cm wide in the concrete slabs and differential settlements between slabs and footings

that were nearly as large. The offsets in the white lines in Figure 4.19 are illustrative of these

movements. Sand ejecta were also observed in the northern half

According to personnel at the site and an earlier map of Port Island,an old quay wall,

now buried, traverses the site area. An approximate location of this old quay wall, estimated

from the earlier map and information from personnel at the site, is shown in Figure 4.10 by the

pair of dashed lines. Further details cop.cerning this wall could not be obtained. Damaged por­

tions of Warehouse #21 and Warehouse C appear to correspond roughly to the general area along

and outside this old quay wall. Information about how this old wall might have affected the

ground improvement was not available.

4.3.4 Discussion

In the absence of survey data it is not possible to determine whether the individual ware­

houses settled or not. The absence of structural damage to the above ground portions of the

structures means that differential settlements were not excessive for the types of structures on the

site. There was no apparent superstructure damage to Warehouses #21 and C despite the signifi­

cant cracking of their concrete slabs. Cracks and separations in the concrete slabs in Warehouses

A, B, and 1 were generally insignificant. By contrast, nearby warehouses on untreated ground

experienced relatively major damage compared to the warehouses on treated ground.

There is, however, a clear difference between the performance of ground improvement

for Warehouses #21 and C, portions of which were underlain by the old quay wall, and Ware­

houses A, B, and 1. This difference corresponds roughly to the location of the old buried quay

wall. It is possible that the presence of this wall may have hampered the ground improvement in

these areas.

Another important point is that the observed ground cracks and sand ejecta within the

warehouses on improved ground indicate that the level and/or area of improvement achieved

were evidently unable to prevent liquefaction totally. However, the reported 2 to 5 m of treat­

ment beyond the building perimeter is only 1/8 to 1/3 the potential depth of liquefiable soil;.

whereas, 1/2 is often considered the desirable minimum. Thus the buildings could be expected to
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be somewhat adversely affected by liquefaction of the surrounding soils. Overall, the ware­

houses on treated soil suffered less foundation slab damage than nearby warehouses on untreated

ground. Thus, the effect of treatment may have been to reduce the consequences of liquefaction

rather than to preclude its development completely. Given the proximity of this site to the seis-
)

mic array for which detailed ground motion data are available, the available soil profile data, and

specific information about the gravel compaction piles and vibro-rod treatment, this site would

appear to warrant detailed further study.

4.4 Small Building Site. on Port Island

4.4.1 Location and Treatment

The ground at the site of a small pile-supported building at the southeast corner of Port

Island Phase I, Figure 3.4, was improved by the vibro-rod method in 1981. The building is

across the street which parallels, and is directly adjacent to, the sea wall that bounds Phase I on

the south. The vibro-rod treatment extended a distance of 10 m around the building.

4.4.2 Observations Outside the Treated Area

The sea wall across the street displaced to the south a distance of 20 to 30 cm, accompa­

nied by settlement and the development of a large parallel crack in the pavement, as shown in

Figure 4.20. The building in the left background of Figure 4.20 is located directly across the

street to the east of the treated area. A close-up view of that pile-supported building is shown in

Figure 4.21. The settlement of the adjacent untreated ground is large.

4.4.3 Observations Within the Treated Area

The post-earthquake conditions at the treated site are shown in Figure 4.22. The building

itself appeared undamaged, and the settlements around it were considerably smaller than ob­

served in the untreated areas.
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Figure 4.17: View inside Warehouse B showing
little damage.

Figure 4.18: Large ground crack outside the
southwest comer of Warehouse #21.

Figure 4.19: View inside Warehouse C near the
northern end.

85

Figure 4.20: Displaced sea wall and cracked
pavement at the southeast comer of
Port Island Phase I.



4.5 Treated Site on Rokko Island

According to personnel from Fudo Construction Co., Ltd., a small area behind the sea

wall at the southeast comer of Rokko Island was treated 2 to 3 years ago using sand drains in the

alluvial clay and sand compaction piles in the overlying fill. A target post-treatment N-value for

the fill of 15 blows per ft was established; however, a value-of 20 to 25 blows per ft was actually

achieved. Ground failure at this site developed, probably because of the large movements of the

sea wall.

4.6 Rubble Mound Breakwater in the Nishinomiya Area

4.6.1 Location and Treatment. -

A rubble mound breakwater was located just offshore to the south of the filled area at the

Nishinomiya side of the new Nishinomiya-Osaka bridge which suffered collapse of one span (see

Section 3.4, Figure 3.60). A 2 to 3 m thick sand layer was placed over -the soft alluvial clay,

which had a thickness of 10m at this location. Sand compaction piles were placed through both

the sand and clay layers at 2.1 m on center. For offshore construction Fudo Construction Co.,

Ltd. used special equipment for installation of 2.0 m diameter sand compaction piles. The rubble

mound embankment was placed directly on the treated ground, and the base of the embankrpent

extended to the outer edge of the treated area. A rough approximation of the cross section of the

breakwater and the treated ground, based on the information provided at the time of the recon­

naissance, is shown in Figure 4.23.

4.6.2 Performance

The breakwater settled from 1 to 2 m as a result of the earthquake. Divers reported evi­

dence of sand boils at the toe of the rubble mound embankment. At the time of the reconnais­

sance, the failure mechanism had not yet been determined. Possibilities would appear to include

(1) liquefaction of the sand adjacent to the treated zone with concurrent loss of lateral support,

(2) liquefaction of the treated zone, (3) stability failure within the soft clay, and (4) combinations

of all of these. Investigations of the observed behavior are continuing.
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Figure 4.21: Large settlements of untreated ground adjacent to
pile-supported building, southeast comer of Port
Island Phase I.

Figure 4.22: Limited settlement of treated ground adjacent to
pile-supported building, southeast comer of Port
Island Phase I.
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4.7 Conclusions

The earthquake provided a severe test for several improved ground sites in the Kobe area.

In all cases the site stratigraphy included dumped hydraulic fill placed over soft alluvial clay.

The treatment method was to construct sand compaction piles using either the decomposed gran­

ite fill itself densified by vibro-rod probes or the casing method with introduction of additional

material from above ground. The post-treatment SPT N-values were typically 20 to 25 blows per

ft as opposed to about 10 to 15 blows per ft before treatment. The treatment itself resulted in

ground surface settlements of 20 to as much as 40 cm, with the largest values being reported for

the Portopialand Park area. It may be noted that the surface settlements of untreated ground

caused by the earthquake were of the order of 50 cm.

Overall, the observations show that improved ground sites on land sustained significantly

less deformation and damage than did the adjacent untreated ground. The offshore Nishinomiya

breakwater failed for reasons that have not yet been determined. The amount of differential set­

tlement -and the damage to pavements, floor slabs, utilities, and other Jacilities was variable,

ranging from very little over the major part of the amusement park, to substantial within parts of

the warehouse area. The larger settlements in the warehouse area appear attributable to the pres­

ence of an old buried quay wall which restricted the ground improvement beneath some of the

structures.

Further analyses are needed to better correlate the amounts of settlement that were ob­

served to (1) the level of ground improvement, (2) the extent of the treatment zone beyond the

structure or facility to be protected, (3) the liquefaction and lateral spreading of the ground adja­

cent to the treated zone, and (4) the input ground motions.
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CHAPTER FIVE: PERFORMANCE OF DAMS AND LEVEES

5.1 Performance of Dams

Aerial reconnaissance and available maps show that there are numerous small dams and

reservoirs both on Awaji Island and in the Kobe Area. These dams appear to be typically 10- to 20­

meter-high earth embankments and serve to store water for pr~sumably agricultural use on Awaji

Island and urban use in the Kobe area. The dams in the Kobe area also appear to provide recreation

and flood protection benefits. In addition to the small embankment dams, there are at least two

moderately-sized concrete gravity dams: Karasuhara and Nunobiki Dams. Both dams were

identified by aerial reconnaissance and appear to store the largest reservoirs in the immediate Kobe

area (see Figure 3.1 for locations).

The reservoirs for most of the dams surveyed two weeks after the earthquake seemed

substantially below maximum reservoir elevation. In many cases, the reservoir surface elevations

appeared to be less than half their maximum heights. In general, preliminary reports indicate that

most dams performed well with little or no damage noted. The principal exception to this was the

failure of the relatively small Upper and Middle Niteko Dams, together with significant damage

sustained at the Lower Niteko Dam.

5.1.1 Upper, Middle, and Lower Niteko Dams

The Upper, Middle, and Lower Niteko Dams are located approximately 4 kilometers north

of Nishinomiya in an urban portion of the eastern Kobe region (Figure 3.1). The earthquake was

estimated to have induced peak ground accelerations of approximately 0.3 to 0.5g in this area. All

three dams are reported to have been constructed over 100 years ago with minor additions and

modifications made to them in more recent times. Their current use is to retain small reservoirs or

ponds, presumably for water supply and recreation uses. At the time of the earthquake, all three

reservoirs were reported to be relatively low, impinging only on the lower third of each dam. All

three dams had large trees and/or brush growing in their downstream slopes. Figure 5.1 presents a

schematic diagram illustrating the general arrangement of the dams together with a general picture
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of the perfonnance of the structures. Figure 5.2 shows an aerial photograph of the three dams and

reservoirs.

The Lower Niteko Dam is the largest of the three dams with a maximum height of

approximately 12 meters and a crest length of about 120 meters. It has an estimated crest width of

about 8 meters and was estimated to have 2: 1 to 2.5: 1 (horizontal:vertical) upstream and

downstream slopes. It also has a 1.5-meter-high retaining wall at its downstream toe. Of the three

dams, the Lower Niteko Dam performed the best. This relatively good perfonnance may be due to

the fact that some reports indicate that this reservoir was kept neady empty to alleviate seepage

problems being experienced at residences downstream. Nevertheless, the dam sustained major

cracking and slumping in the middle of the embankment, losing as much as 2 meters of height

(Figure 5.3). Although the slumping appeared to be more towards the upstream direction, there

were also significant cracks (10 centimeter widths) observed on the downstream slope near the left

abutment. A portion of the downstream retaining wall was also cracked.

The Middle Niteko Dam had a maximum height of approximately 10 meters and a crest

length of about 80 meters prior to the earthquake. It had a crest width of about 2 1/2 meters and

was estimated to have had 2: 1 to 2.5: 1 upstream and downstream slopes. As a result of the

'earthquake, the dam experienced a flow failure reminiscent of the 1925 Sheffield Dam failure in

California (Seed et al., 1969). The upper two-thirds of the dam in the central portion appeared to

have flo~ed as much as 70 meters downstream of the dam's centerline (Figure 5.4). At the time of

the earthquake, the reservoir was reported to be only slightly higher than the level shown in the

photographs. In addition, a small. flow of reservoir water was still passing through the breach at the

time of the field reconnaissance, 17 days after the earthquake.

The flow movement of the Middle dam appeared to be almost entirely in the downstream

direction, although examination of the remaining portions of upstream slope near the abutments

indicated minor slumping towards the reservoir. The small outlet structure at the upstream toe near

the center of the dam appeared to be nearly vertical with a possible slight upstream tilt, although the

catwalk to the structure had collapsed (Figure 5.5). Exposures of the upper portion of the dam near

the abutments indicated a layered fill composed of sandy silt and silty sand with gravel. However,

the slide debris seemed composed mostly of sandy silt. All of the fill soils were believed to

originate from decomposed granite.
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Schematic plan ofNiteko Dam Complex. Figure 5.2: Aerial photograph of Niteko Dam Complex.

Figure 5.3: Upstream slope of Lower Niteko Dam.



The Upper Niteko Dam also had a maximum height of approximately 10 meters and a crest

length of about 80 meters prior to the earthquake. Its crest width had also been 2 1/2 meters and it

was also estimated to have had 2: I to 2.5: I upstream and downstream slopes. The Upper dam

sustained a flow failure very similar to the failure observed at the Middle Dam. The upper two­

thirds of the central Upper dam appeared to have also flowed as much as 60 to 70 meters

downstream of the dam'.s centerline (Figure 5.4). Portions of the flow passed around a downstream

outlet tower. This tower appeared to have remained stable, together with a possible slight

downstream tilt, with little exterior damage observable. The exception to this was the damage

sustained as a result of its catwalk being jammed through its doorway into the tower interior by the

flowing ground (Figure 5.6). As at the Middle dam, the flow failure observed at the Upper dam

seemed to be almost entirely in the downstream direction. However, there was somewhat more

slumping of the remaining upstream slope than that observed at the Middle dam (Figure 5.7).

The perimeter roadway fills along the margins of the Upper and Middle Niteko reservoirs

also sustained flow failures following the earthquake (Figure 5.1). These perimeter fills were

reported to have initially failed either during or shortly after the main shock. Some were then

quickly rebuilt and resurfaced with new asphalt concrete only to fail again following the occurrence

of a strong aftershock a few days later (Figure 5.8).

The flow failures of the Upper and Middle Niteko Dams, along with the extensive failures

of the perimeter fills, strongly suggest that liquefaction was responsible, despite the fact that

sediment boils were not observed within the reservoirs during the reconnaissance. However, in the

residential neighborhood to the west there was ample evidence of liquefaction in the form of sand

ejecta and sand boils. Shortly after the earthquake, a borehole was drilled into each dam

embankment to obtain SPT data (see drill rig in Figure 5.3). Reports indicate that the blowcounts

within the dam embankments generally ranged between 2 and 10 blows per 30 cm, with mean

values around 5 to 6 blows per 30 cm. Blowcounts in the foundation soils beneath the

embankments were generally greater than 25 blows per 30 cm. These results suggest that the

saturated lower portions of the embankments would have been more likely to liquefy than the

foundation soils. Good performance of the foundation soils is also indicated by the good

performance of the outlet towers at the Middle and Upper Niteko Dams. The perimeter road fills

may also have failed due to liquefaction of the saturated fill or due to liquefaction of less competent
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Figure 5.4: Aerial photograph of flow failures at Upper and Middle
Niteko Dams.

Figure 5.5:

Figure 5.6:

Crest alignment of failed Middle Niteko Dam.

Downstream outlet tower at Upper Niteko Dam.
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Figure 5.7: Upstream slope of Upper Niteko Dam.

Figure 5.8: Failed perimeter roadway fill along Upper Niteko Reservoir.
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foundation material. Overall, it was not possible to discern the relative contributions of possible

reservoir releases or aftershocks on the development of the flow slides.

5.1.2 Kitayama Dam

Kitayama Reservoir is one of the larger reservoirs in the eastern Kobe region and is located

approximately 6 kilometers north of Nishinomiya (see Figure 3.1). The earthquake was estimated

to have induced peak ground accelerations between 0.2 and OAg in this area. The reservoir is

situated at the top of a hill and is retained by five embankment dams (Figure 5.9). The largest

embankment is located on the south side and is estimated to have a maximum height of

approximately 25 meters (Figure 5.10). This embankment is reported to have a homogeneous cross

section with an internal chimneylblanket drain and was completed in 1962. The field

reconnaissance consisted of aerial reconnaissance and limited ground inspections of the

embankment crests. No damage was observed during the ground inspections of the crests and the

embankments appeared to have generally performed well. However, the aerial reconnaissance

discovered what appeared to be significant longitudinal cracking along approximately 100m of the

upstream slope of the main embankment just above the water line (Figures 5.10 and 5.11). There

also appeared to be a scarp approximately one meter high associated with this crack. The cracking

was indicative of possible upstream slumping of the slope, but no other distress was observed on

the slopes above the cracks. It is not known if the apparent cracking is significant or if it involves

only surface slope protection materials. Additional investigation is needed to clarify the

performance of the dam.

5.1.3 Karasuhara Dam

Karasuhara Reservoir appears to be the largest reservoir in the immediate Kobe area and is

located approximately 4 kilometers northwest of the Port Island Bridge (Figure 3.1). The dam

appears to be a cemented masonry gravity dam constructed to have a horizontal curve. The dam

was estimated to have a maximum height of approximately 35 to 45 meters and incorporates an

outlet tower on the upstream center of the dam (Figures 5.12 and 5.13). A monument on the crest

of the dam indicates that the dam was originally completed in 1904 and had a 3-meter raise in 1914.
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Aerial photograph of Kitayama South Dam.
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Figure 5.10:

Aerial photograph of Kitayama Reservoir.
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Figure 5.9:
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Figure 5.11: Aerial photograph of cracking on upstream slope of
Kitayama South Dam.



·The earthquake was estimated to have induced peak ground accelerations between 0.4 and

0.6g in this area. Karasuhara Dam was surveyed by both aerial and limited ground inspection of the

dam crest. The reservoir surface appeared to be approximately 14 meters below the crest of the

dam during the field reconnaissance. Overall, the dam appeared to have performed well. No

offsets were observed on the crest, and no seepage could be seen on the downstream face of the

dam (Figure 5.14). Only one crack was observed in the dam crest. The crack was oriented

approximately-perpendicular to the dam axis, had a width of about 1-2 millimeters, and appeared to

be very old (Figure 5.15).

5.1.4 Nunobiki Dam

Nunobiki Reservoir appears to be the second-largest reservoir in the immediate Kobe area

and is located approximately 3 kilometers north of the Port Island Bridge (Figure 3.1). The dam

appears to be a concrete gravity dam constructed with a straight axis (Figure 5.16). As with

Karasuhara Dam, Nunobiki Dam incorporates an outlet tower within the upstream center of the

darn (Figure 5.17). Nunobiki Darn was estimated to have a maximum height of approximately· 35

to 45 meters.

The earthquake was estimated to have induced peak ground accelerations between 0.4 and

0.6g in this area. The reservoir surface appeared to be approximately 10 to 15 meters below the

crest of the dam during the field reconnaissance. Nunobiki Dam was surveyed only by aerial

reconnaissance and no damage was observed.

5.1.5 Summary

The results of the field reconnaissance, together with reports supplied by Japanese

colleagues, indicate that modern dams in the Kobe area generally performed well. This behavior

matches the good behavior of modern dams in North America following the recent Lorna Prieta and

Northridge Earthquakes. The only dams known to have sustained major damage were the old,

presumably non-engineered Niteko Dams. This latter behavior. also matches the experience in

North America (e.g. Sheffield Dam, Upper and Lower San Fernando Dams).
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Figure 5.12:

Figure 5.14:

Aerial photograph of Karasuhara Dam.

Downstream face of Karasuhara Dam.

Figure 5.13: Outlet tower on Karasuhara Dam.
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Figure 5.15: Old crack observed on crest of Karasuhara Dam.

Figure 5.16:

Figure 5.17:

Aerial photograph of downstream face of
Nunobiki Dam.

Aerial photograph of upstream face of Nunobiki Dam.



5.2 Performance of Levees

There are several small rivers which flow past Kobe and Osaka to Osaka Bay. Most of

these rivers have been channelized as they pass through the urban areas to reach the bay. This

means that the river is commonly confined by gravity and cantilever retaining walls similar to those

which channelize the Los Angeles River. In some places, armored earth embankments are also

used as levees. In general, aerial reconnaissance indicated that most of these water retention

facilities performed well. The exceptions to this was cracking and slumping observed along the

Yodo River Levee and distress observed on a levee along a tributary of the Mukogawa.

5.2.1 Yodo River Levee

The Yodo River is the principal river in the region (see Figure 3.1). The earthquake was

estimated to have induced peak ground accelerations of approximately 0.2 to 0.3g in this area.

Approximately 1.5 to 2 kilometers of levee on the south, or Osaka, side of the river experienced

major damage in the form of extensive cracking and slumping. The levee along this portion of the

river is an earth embankment commonly 6 to 8 meters in height. The levee is generally about 7

meters in width and incorporates a 1.5-meter-high concrete parapet wall on the waterside edge of

the crown .. Both the waterside and the landside slopes of the levee are covered by concrete slabs

to prevent erosion failure from overtopping by flood waters. The levee crown has generally been

paved with asphalt concrete.

The mode of damage appeared to consist of the levee embankment breaking up into blocks

and sinking into and spreading out over a liquefied foundation. At the time of the earthquake, the

river stage was relatively low and apparently saturated only about the bottom meter or two of the

levee embankment. As a result of the earthquake, the foundation and/or bottom portions of the

levee presumably liquefied, resulting in the failure of the levee. At several locations, the levee

embankment settled over 3 meters, almost half its total height. Figures 5.18 and 5.19 show the

seriously damaged levee. At the time of the reconnaissance, the levee had received initial repairs

consisting mainly of adding fill to restore freeboard. To prevent erosion due to rainfall or seepage,

the unarInored repaired areas were covered with blue, plastic sheets.
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Figure 5.18: Aerial photograph of failed Yodo River levee after initial repairs.

Figure 5.19: Upstream slope of failed Yodo River levee after initial repairs (note horizontal stairway).
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Support for the theory that foundation liquefaction was responsible for the serious damage

was obtained by examining levee reaches approximately a kilometer east, or upstream, of the

seriously damaged levee area. In this eastern area, the levee performed generally well with only

isolated reaches sustaining moderate damage in the form of cracking and settlements of up to a

meter. In this area, the foundation soils are slightly above the river level and are exposed on the

waterside of the levee. As shown in Figure 5.20, several sand boils could be observed in the

foundation opposite an area of moderate damage. The improved performance further east may be

because the foundation becomes denser as one moves upstream, or perhaps the effect of the

relativ~ly lower water level reduced the total amount of foundation or levee materials that liquefied.

Reports in the Japanese media also indicated that reaches of the north levee on the Yodo River and

some reaches of levees on the Kansaki River sustained similar levels of minor to moderate damage.

5.2.2 Mukogawa Tributary Levee

Figure 5.21 presents an aerial.photograph of levees confining a tributary of the Mukogawa.

This site is located approximately 8 kilometers north of Amagasaki in the eastern Kobe area (Figure

3.1). The photograph shows the levee crowns on both sides of the channel to be covered with blue,

plastic sheeting. This was presumably because the levees had sustained cracking, and perhaps

slumping, and the plastic sheets were placed to prevent rainfall from infiltrating into the cracks.

Portions of the levee beneath the plastic sheets appear to be significantly distorted and may be

indicative of serious damage. The earthquake was estimated to have induced peak ground

accelerations of approximately 0.3 to 0.4g in this area. No field reconnaissance was performed on

the ground at this site.
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Figure 5.20: Moderately damaged Yodo River levee (note sand boils on exposed waterside foundation).
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Figure 5.21: Aerial photograph of distressed levees on tributary to Mukogawa.
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CHAPTER SIX: LIFELINE SYSTEMS

6.l Introduction

Extensive damage to lifeline systems occurred throughout the epicentral area of the

earthquake. Some of the damage and failures appeared to be primarily structural in nature, such

as the failures of elevated sections of freeways, railroads, and bridges, most notably the collapse

of the Hanshin Expressway and the collapse of elevated sections of a number of railroad lines,

including Tokaido-Sanyo Shinkansen. Other damage seemed to have been caused principally by

ground failure, such as the liquefaction induced damage to port facilities, underground transit,

and underground utilities. In many instances, the connection between the structural failures and

ground deformation could not be evaluated in the course of a reconnaissance visit, and further

studies will be needed. The damage to the Port of Kobe has already been described in

considerable detail in Chapter 3, and, therefore, the emphasis here is on transit and major

utilities.

6.2 Kobe Underground Rapid Transit System

The City of Kobe is serviced by two underground rapid transit systems, as shown in

Figure 6.1. The Kobe Rapid Transit Railway, or Kobe Kosoku Tetsudo, is 7.6 km long, with

about 6.6 km of the system constructed underground between 1962 and 1968 by cut-and-cover

methods. The Kobe Municipal Subway System is 21.7 km long, with approximately one-third of

the system underground. The subsurface portions of the subway were built between 1977 and

1983. Earthquake-induced damage was observed at the Daikai and Nagata Stations of the Kobe

Kosoku and at the Shin Nagata, Kamisawa, and Sannomiya Stations of the Municipal Subway.

All stations were of cut-and-cover construction, with the most prominent damage concentrated at

the center reinforced concrete columns of the stations and running tunnels.

Figure 6.2 shows a plan view of the Kobe Kosoku with descriptions of damage. The

Daikai Station collapsed along a section approximately 100 m long. It was a reinforced concrete

box structure, 7.2 m high and 17.0 m wide, at a depth of 4.8 m from the street surface to the top
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Figure 6.1: Map of underground rapid transit systems in Kobe.
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Figure 6.2: Map of Kobe rapid transit railway (Kobe Kosoku) showing
locations of earthquake damage.
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of the structure. The stratigraphy at the site consists of sands underlain by medium to stiff clay,

with the water table at a depth of 3 m. The central reinforced concrete columns of the station

failed, apparently by a combination of shear and vertical loading. There was only nominal

confining steel (9 nun diameter on 180 nun spacing) for the 20 mm diameter longitudinal rebar

on 140 nun centers in the concrete. Collapse of the columns caused subsidence at the street

surface of a maximum 2:5 m, with substantial settlement over an area of 100 m by 20 m. Apart

from the structural collapse-induced movement, there was no clear evidence of pennanent

ground defonnation at the site-induced by other causes, such as liquefaction.

This failure is highly significant because it is the first instance of severe earthquake

damage to a modem tunnel for reasons other than fault displacement or instability near the portal.

Photographs in Figures 6.3 through 6.5 show the interior portions of the collapsed station. The

resulting subsidence at the street surface over the station can be seen in Figure 6.6. In addition to

the station collapse, many pipelines and conduits in the street failed. It is noteworthy that two

lifelines did not fail. A 400 mm welded steel gas pipeline, although substantially defonned, did

not rupture or leak. In addition, an NTT fiber optic cable continued to provide a suitable signal

despite severe distortion.

Between the Daikai and Nagata Stations, 210 reinfo,rced concrete columns were cracked

and defonned in the running tunnel. The reinforced concrete box structure of the rwming tunnel

was approximately 6.4 m high, 9.0 m wide, and 5.2 m deep. The center columns of the rwming

tunnel were similar to those at the Daikai Station. In addition, minor to moderate cracking of .

reinforced concrete columns and panel walls was observed in an underground shopping mall

located adjacent to the Kobe Kosoku near Shinkaichi Station. Figures 6.7 and 6.8 show the

typical damage within the shopping mall.

Damage to the Kobe Municipal Subway was less severe than that to the Kobe Kosoku.

Train service in the Subway was restored one month after the earthquake, although Sannomiya

Station remained closed because of structural damage to the center columns. Restoration of train

service in the Kobe Kosoku is not expected to resume for more thana year after the earthquake.
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Figure 6.3: Collapsed subway roof at Daikai Station. Figure 6.4: Collapsed reinforced concrete columns at Daikai
Station.
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Figure 6.5: Same as Figure 6.4. Figure 6.6: Collapsed street surface over Daikai Station.
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Figure 6.7: Cracked reinforced concrete column inshopping
mall adjacent to Kobe Kosoku.

Figure 6.8: Shear cracks in column and partition wall at Kobe
Xosoku shopping mall.



6.3 Water Supply

A map of the water distribution system operated by the Kobe Waterworks Bureau is

shown in Figure 6.9. Approximately 75% of the water is taken from the Yodo River, and most

of the remaining portion is obtained from a half dozen reservoirs throughout the area. Water

from the Yodo River is treated at various purification plants and pumped to higher elevations

through transmission tunnels and pipelines. There are 8 water purification plants and 57 km of

transmission tunnels in the system. Minor to moderate damage was sustained at three

purification plants. At the Uegahara Plant, ground deformation behind a retaining wall caused

the joints to separate on three 1.5-m-diameter reinforced concrete pipelines which conveyed

finished water from the plant. The Hanshin Water Authority purification plant, immediately

adjacent to the Uegahara Plant, was affected by the Nigawa landslide which undermined the

solids handling building.

Water conveyed to elevations in the hills and mountains north of Kobe is stored in water

distribution reservoirs which include cast-in-place concrete, precast concrete, and welded steel

construction and have an average capacity of 4,200 m3. There are 119 distribution reservoir sites

operated by the Kobe Waterworks Bureau, of which 86 provide water directly to Kobe City.

Water is conveyed by gravity through pipelines to lower elevations. While only one reservoir,

the Egeyama Reservoir, was damaged significantly as a result of the earthquake, a substantial

amount of water was lost from the reservoirs because of broken and disengaged pipelines.

Figure 6.10 is a graph showing the cumulative loss of reservoirs as a function of time after the

earthquake. Between 6 and 24 hours after the earthquake, 86 reservoirs had emptied, leaving

Kobe without critically needed water for fire fighting purposes.

There are 3,963 km of pipelines in the Kobe water supply and Table 6.1 summarizes the

distances and relative percentages of each type of line. Approximately 86.3% of the system is

composed of ductile iron pipelines, the great majority of which are equipped with standard

mechanical joints that allow for relative rotation, but are not restrained against axial pullout.

About 6% of the system is composed of ductile iron pipe with axially restrained mechanical

joints. About 11 % of the system is composed of cast iron and polyvinyl chloride (PVC).
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Welded steel pipelines account for 2.7% of the system, and are used for high pressure trunk and

transmission lines. The steel pipelines are constructed with full penetration butt welds, similar to

gaS and liquid fuel lines, to provide for earthquake resistant strength and ductility.

Table 6.1: Summary of lengths and relative percentages of different pipelines in the Kobe Water Supply.

Pipe Type Pipe Length (km) % of Total

Mechanical Joint 3180.2 80.3
Restrained Joint 237.3 6.0
Steel* 103.3 2.7
Cast Iron 315.9 7.9
PVC 126.4 3.1

* With full penetratIOn Circular butt welds

As of mid-February, 1995, there had been 778 repairs to distribution mains, and between

one and two thousand were anticipated. There had been 3,084 instances of damage to services

lines in public roads and 21,458 instances of similar damage on private property. Statistics

compiled for a sample of 328 main repairs as of mid-February indicate that 41.5% of the repairs

were because of pullout and ramming of pipeline joints, 16.2% associated with broken piping,

21 % related to damaged hydrants and air valves, and 21.3% attributed to other causes.

Discussions with waterworks personnel indicate that pipeline damage in many instances

was caused by permanent ground deformation related to liquefaction, landslides, and settlement

of fill. The large percentage of repairs associated with pullout and ramming of joints implies a

degree of axial deformation that the standard mechanical joints were not adequately designed to

resist.

Until further investigations it is not possible to evaluate how specific patterns of

permanent and transient ground motions influenced the integrity of the system. Nevertheless, it

is possible to provide some general observations. Waterworks personnel have noted that bridge

crossings of pipelines were especially vulnerable because of differential soil and bridge structure

movements at abutments and deformations elsewhere along structural spans. Major trunk lines

were damaged at the Port and Rokko Island Bridges. Furthermore, repairs at ductile iron

pipelines with axially restrained mechanical joints appear to be low. There were no repairs to

such pipelines on Rokko Island. In contrast, there were many repairs in ductile iron pipelines
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with conventional mechanical joints on Port Island. Figure 6.11 shows damage to a 700-mm­

diameter welded steel trunk line on Port Island. This pipeline was the major trunk line providing

all potable water to Port Island. It failed at a welded joint in an area of lateral spread at the north

side of the island.

6.4 Sewage Treatment Facilities

There are eight sewage treatment plants for Kobe City, five of which were functioning

after the earthquake. Two additional plants were returned to service within one week after the

earthquake. Major damage was sustained at the Higashinada Plant, which is located just north of

the Kansai Electric Higashinada Power Station (Figure 3.1). The design capacity of the

Higashinada Plant was about 225,000 -m3 of raw sewage per day. The oldest portions of the

plant are 33 years old. Construction of the plant was started in 1962 shortly after the placement

of fill for Uozaki Hama-cho was completed. It is anticipated that the plant will be closed for

over a year until repairs are made.

Figure 6.12 is a map of the Higashinada Plant, and soil profiles for the borings shown on

the map are presented in Figure 6.13. There was severe liquefaction-induced damage at the

plant. Maximum lateral movement of the seawall north of the canal was approximately 1 m.

Maximum lateral movement of the seawall south of the canal was roughly 2 m. Lateral

displacement and settlement ruptured the inverted siphon at the plant (Figure 6.14) and caused

separation of the main sewage treatment conduit through which raw sewage was conveyed

(FigUre, 6.15). Because of the loss of the siphon, sewage was being dumped directly into the

canal, which was screened by a temporary cofferdam at its eastern and western ends to create a

temporary basin for primary sedimentation.

Lateral deformation caused severe damage to underground structures and facilities

founded on spread footings (Figure 6.16). Differential settlement of approximately 600 mm of

soil relative to the pile supported sand filter building was observed (see Figure 6.17); and there

was cracking and spalling at the tops of reinforced concrete piles which support this structure.

Elsewhere, at the digester tanks closest to the canal, cracking at the tops of reinforced concrete

piles was visible at several pits excavated to inspect the foundations.
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Map of Kobe Water Distribution System.
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Figure 6.11: Weld rupture of 700-mm-diameter steel water trunk main
on Port Island.

Figure 6.12: Map of Higashinada Sewage Treatment Plant.
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Figure 6.15: Rupture of the main sewage treatment conduit caused by
lateral spreading and settlement.

Figure 6.16: Plant facility damage due to lateral ground deformation
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The primary and secondary sedimentation and aeration tanks closest to the canal were

supported on reinforced concrete piles. The primary sedimentation tank was 8 m deep so that the

len'gths of piles in the liquefied fill were relatively small. Very little damage was observed in

this tank. The secondary sedimentation and aeration tanks were approximately 4 m deep, and

consequently there were 4 m of additional pile length subject to liquefaction and lateral

deformation beneath these facilities and there was significant damage. Figure 6.18 shows the

collapse of sludge scrapers in the secondary sedimentation tanks, and Figure 6.19 shows the

separations in the reinforced concrete walls of the aeration tanks. These separations have proven

to be exceptionally difficult to repair because of flooding of the tanks by infiltrating

groundwater. Plans call for the complete replacement of the damaged tanks.

6.5 Gas Delivery System

The gas delivery system for Kobe and surrounding communities is provided by the Osaka

Gas Company. The company supplies gas in the Osaka Bay region to 5.7 million metered

customers. A map of the Osaka gas pipelines with the highest internal pressures is shown in

Figure 6.20. There are approximately 400 Ian of high pressure pipelines in the system, carrying

pressure exceeding 1.95 MPa. There is a similar distance of medium pressure "A" lines with

internal pressure between 0.3 and 1.0 MPa, which are also shown in Figure 6.20. Osaka Gas also'

-operates medium pressure "B" lines at 0.1 to 0.3 MPa which are not shown in the figure. The

low pressure distribution mains in the system operate at a pressure equivalent to about 20 cm of

water column.

The medium pressure A and B lines. are composed predominantly of welded steel and

ductile iron pipe with mechanical joints. In the Kobe area, the low pressure gas lines were

composed predominantly of steel with threaded. couplings. The total distance of ~ransmission,

trunk, and distribution mains in the Osaka Gas system is 49,430 km. There was no

significantdamage reported at the LNG terminals, and no damage reported in the high pressure

welded steel pipelines. Minor damage was reported in the medium pressure A lines, and the

combined number of repairs in both medium pressure A and B lines was approximately 106.
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Figure 6.17: Differential settlement of soil relative to pile-supported
structure containing sand filters.
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Figure 6.18: Damage to sludge scrapers at the sedimentation tanks. Figure 6.19: Separations in the reinforced concrete walls of the
aeration tanks.



The principal source of damage was to threaded steel low pressure pipelines, where

thousands of repairs are anticipated. Osaka Gas personnel noted that many of the repairs were at

locations of permanent ground deformation caused by soil liquefaction and landslides, as

illustrated in Figures 6.21 and 6.22. After the earthquake, the gas supply in the distribution

system was shut off for 857,000 customers. Full restoration of service required 3 to 4 months.

6.6 Damage to Electrical Utilities and Phone Lines

Compared to the damage experienced by the water and gas delivery systems, the damage

to electrical lines and phone lines had a much lesser impact. While collapsed concrete overhead

utility poles were apparent in a number of locations, in general, phone and electricity were

restored in a very short period of time to most of the damaged area. Even in the areas of extreme

liquefaction and lateral spreading, electricity and phones were generally functioning within a few

days of the earthquake, although water, gas, and sewer services were not available. This pattern

of damage seems to suggest that underground electrical conduits tend to perform better, although

isolated breaks in high voltage conduits did occur, such as shown in Figures 6.23 and 6.24.
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Figure 6.20: Map of high pressure transmission and medium pressure
trunk lines operated by the Osaka gas company.

Figure 6.21: Repair of pipes separated by lateral spreading between a
building and adjacent concrete slab near Nakahara Wharf,
Port Island.

Figure 6.22: Repaired pipes near Nakahara Wharf, Port Island. Prior
to earthquake pipes followed a straight path between
slabs.
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Figure 6.23: Rupture of 6 KV electric cable conduit in Kobe
City. (Dr. T. Holzer in photo).

Figure,6.24: Rupture of electric conduit caused by seawall
deformation adjacent to north side of Kobe Port
Island Bridge.





CHAPTER SEVEN: SLOPES, RETAINING STRUCTURES, AND LANDFILLS

7.1 Landslides and Rockfalls

7.1.1 Introduction

The topography of the region to the north of downtown Kobe, and to the north of the Osaka

Bay in general, rises rapidly into the Rokko Mountains, reaching an elevation of 930 m at the

highest point. This terrain is generally characterized by relatively steep slopes and short steep

valleys. The main rock type in the area is granite, which is deepely weathered and decomposed to

saprolite to a considerable depth. The decomposed granite is susceptible to rock falls and debris

flows, and the hillslopes show numerous scars from slope failures, as can be seen in the aerial view

of the hills shown in Figure 7.1. Most of these scars were apparently caused by rainfall-induced

debris flows, and, for the most part, only minor ravelling and rockfalls were reported as a result of

the earthquake. Nevertheless, one large flow slide did occur in the decomposed granite in a

residential area in the Nigawa district of Nishinomiya, northeast of Kobe. This slide killed 34

people and caused extensive property damage. In addition, considerable damage also occured due

to movement of structural fills in residential areas on hillsides, particularly along the projection of

the strike of the earthquake fault, and isolated rockfalls also caused localized damage.

7.1.2 Nigawa Landslide

The Nigawa landslide appears to have been a rapidly moving debris slide in decomposed

granite. The slide occurred immediately adjacent to the Uegahara filtration plant, along the edge of

a large terracelbench at an elevation of about 100 m. The aerial view of the site in Figure 7.2 shows

the head scarp of the slide and most of the deposition area at the toe. Figure 7.3 shows the evidence

of runup of the the debris on a building at the base of the slope (second from the bottom left in

Figure 7.2). The length of the head scarp was approximately 100 m and the the distance from the

headscarp to the toe of the slide was about 250 m, with a vertical drop on the order of 30 to 40 m.
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· The failed portion of the terrace appears to have been a part of a cut-and-fill extension of a

pre-existing natural ridge and saddle, and the mobilized material seemed to be a combination of

decomposed granite fill and intact saprolite. The presence of fill was evident along the headscarp

which undermined a building, exposing its pile foundation (Figure 7.4). The upper portion of the

slope was heavily wooded, and a housing development was built along a series of terraced slopes

starting about 15 to 20 m below the crest of the slope. As can be seen from the photographs, the

houses in the path of the slide mass were completely obliterated and buried by the slide debris.

The flow like nature of the slide was evident from well-defmed levees as high as 6-8 m

along the flanks of the slide mass in the lower part of the slope, and the slide debris flowed down a

creek bed at the toe of the slope for some distance. The role of water in the mobilization of the

slide could not be immediately ascertained. The landslide debris, decomposed granite composed

primarily of sand with some fines and some coarser material, appeared to be relatively dry on the .

surface immediately following the failure. However, wet seep areas became evident with time, at

an elevation approximately equivalent to the base of the wooded slope, and the landslide debris was­

too soft to walk on in those areas.

7.1.3 Rock Falls

Isolated rock falls occurred from natural and cut slopes in the residential area of

Nishinomiya. The natural weathering of the granitic rocks leads to the exposure of isolated,

rounded granitic boulders precariously perched on the hillslopes. Once loose, they tend to roll

downhill quite easily. A boulder approximately 3 m in diameter descended several tens of

meters down a wooded slope, crossed a paved road, and crushed a mid-size car and damaged a

wrought iron gate at an entrance to a residence (Figures 7.5 and 7.6). At another location,

smaller rocks fell from a cut slope behind a residential building, but did not cause any damage

because the slope support system was designed to deflect falling rock (Figures 7.7).
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Aerial view of the Nigawa landslide showing the steep
arcuate head scarp and a flatter depositional area at the toe.
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Figure 7.2:Aerial view of the landslide scars in the hills north of Kobe.Figure 7.1:
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Figure 7.3: Debris stained 3 story building at the toe ofthe slide (the
building is second from the left at the bottom of the
photograph in Figure 7.2). Note that the debris invaded the
structure without causing extensive structural damage to the
exterior walls.

Figure 7.4: Head scarp ofthe Nigawa landslide. The stratification of
soil below the pavement suggests that this upper material is
fill. The foundation of the building is pile supported.



7.2 Embankments and Structural Fills

Localized failures of railroad and road embankments occurred throughout the region. In

many instances these failures appeared to be directly related to liquefaction of the foundation soil,

but more traditional slope failures were also evident. Figure 7.8 shows a typical failure of an

embankment above railroad tracks. The slope was initially supported by a low wall, which is' now

being replaced by a driven steel pile wall. This method of repair was extensively used by the

railroads in the wake of the earthquake.

Evidence of downhill extension and displacement of structural fills and stone retaining

walls was particularly evident in parts of residential developments extending into the hills. The

incidence of these failures seemed to be highest along the extension of the strike of the faulting, and

typically involved sidehill fills for roads and residential lots. The fills appeared to be composed of

compacted decomposed granite, which is relatively coarse with little apparent cohesion. The

deformation of the fills caused displacement and cracking of pavements and retaining walls (Figure

7.9), and in at least one location a road embankment essentially failed leaving the road unservicable

(Figure 7.10). The damage to some of the residential lots is illustrated in (Figure 7.11), showing

deep extension cracks running parallel to the slope contours. The failures of the fills appeared to be

the result of a combination of inadequate compaction and inadequate keying into the bedrock, and

the retaining walls lacked adequate capacity to resist seismic loading (Figure 7.12). In addition to

structural damage, these failures broke underground utilities, disrupting gas, sewer, and water

service to entire neighbourhoods.

In comparison to the residential construction, many large retaining structures for major

roads and railways seemed to perform much better. Figures 7.13 and 7.14 show two fairly

substantial retaining walls which performed well and showed no apparent signs of distress.

7.3 Reinforced Soil Walls

Three geogrid reinforced soils walls of the type developed by Tatsuoka et al. (1992) were

visited; namely, the walls at Tanata, Amagasaki, and Tsukamoto, located as shown on Figure 7.15.
, .

Each of these walls was constructed for support of railway lines. The seismic intensities at stations
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A car was flattened by this boulder, approximately 3m in
diameter, the largest of several which rolled down the
hillslope.
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Figure 7.6: A view of the boulder shown in Figure 7.5 resting against
the gate at the entrance to a driveway.

Figure 7.7: Freshly fallen rock at the basee of a retaining wall in a
residential area.
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Figure 7.8:

Figure 7.9: Pavement deformation and damage to rock retaining wall
caused by seismically induced deformation of sidehill fill.

Figure 7.11: Deep tension cracks in a sidehill fill on a residential lot.
Note the separation in the rock retaining wall in the
background. This type of damage was typical in this
neighborhood.



close to each of these walls are shown on the figure. A comprehensive report on the performance

of these walls is in preparation by Tatsuoka et al. (1995). The Tanata wall was subjected to

particularly high ground accelerations; i.e., more than OAg in the NS direction, nearly 0.8g in the

EW direction, and almost OAg in the vertical direction.

A standardized design and construction procedure for permanent geosynthetic-reinforced

walls with a full-height rigid facing panels has been developed by the University of Tokyo and the

Railway Technical Railway Research Institute of the Japan Railways Group. These walls are

referred to as GRS-RW walls. The construction procedure follows the sequence shown in Figure

7.16 and the pseudostatic seismic _design is used, assuming a horizontal inertial acceleration of 0.2g.

There was no apparent damage to the walls or measurable displacements at Amagasaki or

Tsukamoto, although there was some evidence that there may have been hairline cracking along the

surface of the backfill at the Amagasaki wall at a distance about equal to the reinforcement length

behind the face of the wall. It should be noted that in both of these areas there was little damage to

other structures as well.

The Tanata wall (Figure 7.17) is located between the Ashiya and Setsu~Motoyama JR

stations, near the slide shown in Figure 7.8. The wall is somewhat more than 6 m high, with PVC

fiber grid reinforcements 2.5 m in length, and cohesionless backfill. A typical cross section is

shown in Figure 7.18. The reinforced soil wall is founded directly on the original ground without

deep foundation support. Nonetheless, the wall retained its stability, with outward deformations of

about 22 cm at the top and 10 cm at the base (Figure 7.19). According to Tatsuoka et al. (1995)

several reinforcement layers near the top of the wall could not be extended to the full design length

owing to construction limitations, and this may have resulted in the tilting being greater that it

might have been otherwise. There was settlement of all four sets of railroad tracks running along

the embankment above caused by the dynamic loading; however, the. track located above the

reinforced backfill settled the least.

Some minor spalling of the concrete facing panels was noted near the top at a construction

joint, it appeared that the joint width may have opened to about 2 cm, and some hairline cracking

was noted that is suggestive of longitudinal shear in the panels. However, given the extensive
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Figure 7.12: Typical failure of a stone retaining wall in a residential
area.

Figure 7.13: Undamaged crib retaining structure in Ashiya.
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Figure 7.14: Undamaged reinforced earth wall supporting a roadway
in Ashiya.

Figure 7.15: Location of Geosynthetic Reinforced Soil Walls (GRS­
RW) and nearby seismic intensities (from Tatsuoka et al.
1995).
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Post-earthquake view of the Tanata GRS-RW wall.Figure 7.17:
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Figure 7.18: Cross-section of the GRS-RW at Tanata (from Tatsuoka
et aI., 1995).

Figure 7.19: Evidence of outward rotation and displacement of the
Tanata GRS-RW wall, about 20 cm at the toe and about
10 cm near the base.



damage in the area (most of the buildings directly across the street from the wall had or were

heavily damaged collapsed, as seen in Figure 7.17), the GRS-RW demonstrated excellent seismic

resistance.

The Tanata GRS-SR wall adjoins a more conventional reinforced concrete cantilever wall

which extends to the west (left) of the underpass shown in Figure 7.19. This conventional concrete

wall is supported on 6 m deep, 1.2 m diameter cast-in-place reinforced concrete piers. The waIl

appeared outwardly undam(iged, although it displaced laterally on the order of 27 cm at the top and

10 cm at the base (Figure 7.20).

. In addition to these walls, which were inspected on foot, two mechanically stabilized walls

under construction were seen from the air on Awaji Island at the approaches to the new Aklli?hi

Kaikyo Bridge (Figure 7.21). No apparent distress was visible from the air. These waIls should

provide an excellent opportunity for further study, since they presumably represent the current

state-of-the-art.

7.4 Solid Waste Fills

Documenting the seismic performance of solid waste landfills is important to US practice

as the Code ofFederal Regulations(United States, 1991) requires that landfills located in seismic

impactzones be designed to resist earthquake hazards, yet well-documented case histories which

could provide insight are lacking. Recent earthquakes, such as the 1989 Lorna Prieta and 1994

Northridge earthquakes, are providing some useful case records, but additional case records are

needed. With this in mind, a few solid waste landfills located in the Kobe/Osaka area were

surveyed. Unfortunately, detailed landfill geometry and waste fill characteristics are not

currently available, and it appears that these landfills are not similar to US waste fills (i.e. due to

aggress'ive recycling efforts, the Japanese waste is relatively inert compared to US waste, and,

consequently, containment and gas collection systems are not designed at current USEPA

Subtitle D standards).

There were a number of temporary waste fills located on newly reclaimed land in Osaka

Bay just south ofNishinomiya, but these fills appeared to be set up only to burn and to dispose of

construction debris being cleared from the damaged areas following the earthquake (Fig. 7.22).
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Aerial view of mechanically stabilized walls on the
approach to the Awaji Island Bridge on Awaji Island.
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Figure 7.20: Reinforced concrete cantilever wall adjacent to the Tanata
GRS-RW walL Note the outward displacement of about
10 em.

Figure 7.22: Burning and disposal of debris on reclaimed island south
ofNishinomiya.



Two existing large waste fills further to the east were surveyed. The first waste fill (shown in

Fig. 7.23) is located west of downtown Osaka on a reclaimed island about 20 km from the zone

of energy release. This fill was inspected from the air. Several ground cracks, which were tens

of meters long and a few centimeters wide, were identified near the southwest comer of the

island. The series of north-south trending cracks appeared to have resulted from ground

displacement toward the edges of the island. No evidence of liquefaction was observed, but it
, ,

would not take much lateral spreading to develop these cracks. Similar ground distress was

identified at the second solid waste landfill (shown iIi Fig. 7.24) which is sited atop a reclaimed

island located at the southern tip of the Yodo River, about 12 km from the zone of energy

release. A series of ground cracks occurred at the southwest comer of this landfill, which is

reportedly lined with a geosynthetic material. One of the larger cracks is shown in Figure 7.25.

The width of this crack was roughly 2 to 6 cm with a minor vertical displacement. It cut across

the southwest comer of the reclaimed island and appeared to have resulted from lateral

movements toward the edges of the island. Other, less continuous, cracks were located to the

east of this crack near the southern edge of the island. Surficial evidence of liquefaction in the

form of sand boils with ejected garbage was found on this island. Thus, lateral spreading

associated with softening of the dumped sojl fills could have easily produced the surface cracks

noted. However, there was no evidence of any compromise of the waste containment systems at

these waste fills.

In summary, waste fill performance was dominated by the sites selected for the surveyed

landfills. These sites were reclaimed ground constructed by methods similar to those discussed

previously in Chapter 3 which experienced ground cracking resulting from liquefaction-induced

lateral spreading. It appears that lateral spreading of the underlying saturated cohesionless fills

produced the observed ground cracking. These case records illustrate the potential problems

associated with waste fills constructed on ground susceptible to liquefaction.
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Ground cracks (lower right) at waste fill site west of
Osaka.

Figure 7.24: Overview of waste fill site at southern tip of the Yodo
River.

Figure 7.25: Close-up view of a ground crack in the southwest comer
to the right of the site shown in Figure 7.22.





CHAPTER EIGHT: SUMMARY AND CONCLUSIONS

The Hyogoken-Nanbu Earthquake of January 17, 1995, with a JMA magnitude of 7.2

and epicenter about 20 kIn southwest of downtown Kobe, devastated the city of Kobe, its

port, and adjacent areas. As of March 31,1995, the toll from the earthquake has reached over

5,500 dead and over 26,000 injured. More than 200,000 houses, about 10% of all houses in

the Hyogo prefecture, were damaged, including more than 80,000 collapsed, 70,000 severely

damaged, and 7,000 consumed by fIre (AD, 1995). Current estimates of losses in Kobe are

about 20 trillion yen (200 billion dollars), one order of magnitude larger than that from the

January 17, 1994, Northridge Earthquake.

In addition, the damage to the infrastructure, lifelines, and the port had a large

economic impa~t extending well beyond the immediately affected area. Before the

earthquake, Kobe was Japan's busiest and the second largest port after Yokohama. About

39% of the city's gross industrial product was derived from port related industries,

accounting for more than 17% of the city work force. The earthquake damage caused

essentially total shutdown of all facilities in the port area for several weeks following the

earthquake and the full recovery of the port is still in the future.

A combination of factors contributed significantly to the severity of much of the

damage: the area had been previously considered to have relatively low seismic risk, the

projected location of the release of energy along the earthquake fault was almost

immediately below a densely developed urban area, and the geologic setting of the

region, on the shores of a large embayment, provided for a substantial thickness and areal

distribution of liquefiable sediments and fills. Most importantly, however, the area

affected by the 1995 Hyogoken-Nanbu Earthquake has many similarities, in terms of

geologic setting and the level of development, to other locations around the world.

Therefore, much can be learned about the type and the extent of damage that can occur

when a major fault ruptures through an urban environment.
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8.1 Geoscience and Strong Motions

The earthquake occurred in a region with a complex system of previously mapped active

faults. The focal mechanism of the earthquake indicates right-lateral strike-slip faulting on a

nearly vertical fault striking slightly east of northeast, parallel to the strike of the mapped

faults. The earthquake produced a surface rupture with an average right-lateral horizontal

displacement of 1 to 1.5 m and a maximum recorded horizontal displacement of 1.7 m on the

Nojima fault, which runs along the northwest shore of Awaji Island. Vertical displacement

across the observed surface rupture of the Nojima fault varied considerably with an average

vertical displacement of 0.5 to 1 m (east side up) and a maximum vertical displacement of 1.3

m (east side up). At the southern end. of the exposed ground rupture, the observed vertical

displacement decreased and was actually in the opposite sense, with the wes~ side moving up

slightly «0.2 m) with respect to the east side. Currently available evidence does not suggest

any major differences between the source characteristics of the Kobe earthquake and those of

crustal earthquakes that occur in California

Peak ground accelerations as large as 0.8 g were recorded in the near-fault region on

alluvial sites in Kobe and Nishinomiya. The recordings at near-field rock sites typically had

significantly lower magnitudes of peak ground acceleration (i.e. around 0.3 g). The vertical

peak ground accelerations were generally about two-thirds as large as the horizontal

accelerations in the near-field, and significantly lower at more distant alluvial sites. The

near-fault ground velocity time histories had large, brief pulses of ground motion which

are indicative of rupture directivity effects and are potentially damaging to multi-story

buildings and other long-period structures such as bridges. The recorded peak velocities

were as large as 175 cm/sec at Takatori in western Kobe, and the largest values occurred

in the densely populated urban region. The near-fault horizontal peak velocities were 55

cm/sec on rock at Kobe University and went off scale at soil sites at levels of 40 cm/sec and

100 cm/sec in central Kobe. These values are similar to those recorded close to comparable

earthquakes in California.

The recorded peak horizontal accelerations from the Kobe earthquake are.

comparable to those predicted for a strike-slip earthquake using the Abrahamson and
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Silva (1995) empirical attenuation relation for soil based mainly on California data. The

recorded peak horizontal velocities are slightly higher (about one standard deviation

.higher) than those predicted for a similar event using the Campbell (1990) empirical

attenuation relation for soil based mainly on California data. Thus, it appears that one

important factor contributing to the much larger level of damage that occurred in Kobe,

compared with that of recent earthquakes in California, may have been rupture directivity

effects.

8.2 Liquefaction and Related Effects

Extensive liquefaction of natural and artificial fill deposits occurred along much

of the shoreline on the north side of the Osaka Bay. Probably the most notable were the

liquefaction failures of relatively modem fills on the Rokko and Port Islands. On the

Kobe mainland, evidence of liquefaction extended along the entire length of the

waterfront, east and west of Kobe, for a distance of about 20 lan. Overall, liquefaction

was a principal factor in the extensive damage experienced by the port facilities in the

affected region.

Most of the liquefied fills were constructed of poorly compacted decomposed

granite soil. This material was transported to the fill sites and loosely dumped in water.

Compaction was generally only applied to materials placed above water level. As a result,

liquefaction occurred within the underwater segments of these poorly compacted fills.

Typically, liquefaction led to pervasive eruption of sand boils and, on the islands, to

ground settlements on the order of as much as 0.5 m. The ground settlement caused

surprisingly little damage to high- and low-rise buildings, bridges, tanks and other

structures supported on deep foundations. These foundations, including piles and shafts,

perfonned very well in supporting superstructures where ground settlement was the

principal effect of liquefaction. Where liquefaction generated lateral ground displacements,

such as near island edges and in other waterfront areas, foundation perfonnance was

typically poor. Lateral displacements fractured piles and displaced pile caps, causing

structural distress to several bridges. In a few instances, such as the Port Island Ferry
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Terminal, strong foundations withstood the lateral ground displacement with little damage

to the foundation or the superstructure.

Shallow foundations consisting of a grid of interconnected perimeter-wall footings

and grade beams performed well in several areas subjected to liquefaction. Where

foundation elements were not well tied together, differential ground displacements pulled

apart overlying structures at points of weakness, such as joints and doorways. More

importantly, the differential ground movements invariably caused breaks in underground

utilities at their entry points into the buildings.

8.3 Performance of Improved Ground Sites

The earthquake provided a severe test for several improved ground sites in the

Kobe area. All cases involved loosely dumped hydraulic fill placed over soft alluvial

clay. The treatment method was to construct sand compaction piles in-situ by vibro-rod

probes or using the casing method with introduction of additional material from above

ground. The post-treatment SPT N-values were typically 20 to 25 blows per 30 cm as

opposed to about 10 to 15 blows per 30 cm before treatment. The treatment itself

resulted in ground surface settlements of 20 to 40 em, with the largest values· being

reported for the Portopialand Park area. The liquefaction-induced surface settlements of

adjacent untreated ground were on the order of 50 em. Overall, the observations show

that improved ground sites on land sustained significantly less deformation and damage

than did the untreated ground.

8.4 Performance of Dams and Levees

In general, most dams performed well with little or no damage noted. The principal

exception was the failure of the relatively small Upper and Middle Niteko Dams, together

with significant damage sustained at the Lower Niteko Dam. The earthquake was estimated

to have induced peak ground accelerations of approximately 0.3 to 0.5g in this area. All

three dams are reported to have been constructed over 100 years ago with minor additions
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and modifications made to them in more recent times. Of the three dams, the Lower Niteko

Dam perfonned the best. Nevertheless, the dam sustained major cracking and slumping in

. the middle of the embankment, losing as much as 2 meters of height. The Upper and

Middle Niteko Dams experienced flow failures with the material traveling as much as 70 m

downstream. This mode of failure strongly suggests that liquefaction was responsible,

despite the fact that sediment boils were not observed.

The rivers in the area are commonly confined by gravity and cantilever retaining

walls. In some places, armored earth embankments are also used as levees. In several

locations major damage to these structures occurred, apparently as a result of liquefaction

and associated settlement and lateral spreading. While as much as 3 m of settlement was

observed in the most seriously affected area, much of the damage consisted of vertical and

lateral defonnations in the range of 10 to 20 cm.

8.5 Lifeline Systems

Extensive damage to lifeline systems occurred throughout the epicentral area of

the earthquake. Liquefaction appears to have been a major factor involved in the failures

of lifeline systems due to geotechnical causes, such as the damage to port facilities,

underground transit, and underground utilities. There was pervasive disruption of

underground utilities caused by ground defonnations. In some locations pipe joints were

simply pulled apart due to ground displacement. However, most commonly failures

occurred due to differential movements between foundation elements and the surrounding

soil at points of entry to buildings and other structures.

Particularly notable was the damage to several underground stations of the Kobe

Rapid Transit Railway. These stations were constructed using the cut and cover method

of construction and soil-structure interaction appears to have been. responsible for the

observed failures and distress.
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8.6 Slopes, Retaining Structures, and Landfills

Seismically-induced landslides were generally limited to shallow slips and

raveling of boulders, with the exception of one large flow slide which killed 34 people.

In addition to landsliding on natural slopes, structural fills for roads and house pads

experienced cracking and lateral deformations in the hills above Kobe. In many cases,

this form of distress caused disruption of underground utilities as well as structural

damage to houses and retaining walls. Large retaining structures for roads and railroads

generally performed well. In particular, mechanically stabilized walls uniformly

performed very well.

Waste fills located on reclaimed land experienced distress which can be directly

attributed to the liquefaction of the loosely dumped fill. Liquefaction-induced lateral

spreading resulted in cracking in the covers and in lateral displacements of the side

slopes. The overall impact of these deformations on the integrity of the containment has

yet to be established.

8.7 Conclusions

In conclusion, it is important to note that many of the observed effects of the

_January 17, 1995, Hyogoken-Nanbu Earthquake are similar to those observed in the most

recent urban earthquakes such as the Northridge and Lorna Prieta Earthquakes in

California. Moreover, while many of the observations will provide an opportunity to

further improve and refine our methods of analysis and design, much of the observed

phenomena and effects could have been predicted with currently available methodologies.

This recognition that seismically-induced damage can be predicted and minimized or

even avoided, if appropriate analyses are performed and if appropriate designs are

employed, has to be effectively communicated to the profession and to the public.

Ultimately, we hope that this knowledge will help shape policies and decision making

toward the development and implementation of successful earthquake hazard reduction

strategies.
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