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Effect of Local Irregurality of Surface Ground Structure on Earthquake Ground Motion

OF# FUEBIERR). XT SH(ME),F8 L(BL)

Susumu NAKAMURA Iwao SUETOMI,Nozomu YOSHIDA,4-12-20.Nihonbashi Honchyo,Chyuooku,Tokyo,103

Research [nstirute SATO KOGYO CO.LTD.
W4 Fax :03-3661-2297

E-mail PXB10407@niftyserve.or.jp

One and two dimensional secismic response analysis with respect to SH wave field have been carried out to

make clear the relationship between scismic disaster

at Daikai subway station due to Hyogoken-nunbu

earthquake and the spatial difference of intensity of ground motion due 1o local irregularity of surface ground. It
is found that gravel layer like a lens shape strongly influences the spatial distribution of response displacement
along the station and that the response of ground considering the irregularity has high correlation with the
distribution of the settlmemnt of the ground over the ceiling slab due to the collapse of center pillar.
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DAMAGE TO DAIKAI SUBWAY STATION, KOBE RAPID TRANSIT SYSTEM
AND ESTIMATION OF ITS REASON

Teruo YAMATO, Toshio UMEHARA, Hifumi AOKI, Susumu NAKAMURA, Jyunichi EZAKI and Iwaoc SUETOMI

The Daikai subway station,Kobe Rapid Transit System, was seriously damaged during Hyogoken-
nanbu earthquake 1995. The ceiling slab was collapsed and route 28 above the floor was settled. These
were caused by failure of the reinforced concrete columns. The test hammer test and the laboratory soil test
were carried out to obtain the actual concrete strength and dynamic deformation characteristics of filled soil
material. Furthermore, in order to make clear the reason why the sutructure was damaged, second step
analysis were conducted. As the first step Dynamic response analysis was carried out, Non-linear Static
analysis considering non linear relationship was carried out as the second step. Cracks at the end wall and
failure of the columns indicate that severe lateral seismic force applied to the trnsverese section of
structure. It is concluded that center columns failed due to bending and shear failure mechanism. based on

the analysis.
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THE STRENGTH AND DUCTILITY OF RESTORED AND SUFFERED CENTER
PILLAR AT DAIKAI SUBWAY STATION BASED THE EXPERIMENT

Hiroomi lida,Hifumi Aoki,Toshio Umehara,Susumu Nakamura, Tatsuya Okamura

In order to find the strength and ductility of the restore center pillar, cyclic horizontal loading tests
were carried on the specimens for the restore center pillar ,the suffered pillar and pillars designed by the
recent code with respect to manner of Japanese society of civil engineering and archtectual Institute of
Japan. As a results of these, it is found that the restored pillar has enough seismic performance even if

hyougoken Nunbu earthquake occurred again.
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RESTORATION WORKS AGAINST EARTHQUAKE DISASTER 1IN
DAIKATI SABWAY STATION, KOBE RAPID TRANSIT SYSTEM
Toshio Hiroto,Hiroomi Iida, Hifumi Aoki,Masasuke Komukai, Yoiti Yamahara,Masaki Yokoyama

DAIKAI Station at KOBE Rapid Transit Railway is subway station which was
constructed by open cut method. Complete collapse of center pillars resulted in the falling
down of the ceiling slab and surface on Route 28 over the station by more than 2.5m at

maximum.

Considering the severe damages of the structure, the fundamental restored procedure is
planned as follows; first of all, such a suffered member of structure as side walls and ceiling
slab are removed except floor slab. And then these members are reconstructed. The structure
is designed based on the special manner with respect to design of the restored railway
structure which has been specified by ministry of transportation. The required performance
of structure is to resist the earthquake as well as Hyougoken Nunbu earthquake. By use of
reinforced concrete pillar confined by steel square tube as a center pillar, sufficient seismic
performance are given to the reconstructed subway station. After constructing temporal
earth retaining work by SMW method, the suffered members of structure are removed. Then

the new members are reconstructed.
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Damage to Daikai Subway Station of Kobe Rapid Transit Railway
during the 1995 Hyogoken-Nambu Earthquake
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DAMAGE TO DAIKAI SUBWAY STATION

HirooMi Ipa?, TosHio HiroTo!?, NozoMu YOSHIDAI)
and MasAHIKO IwaFuJi)

ABSTRACT

A detailed Reconnaissance survey was conducted at the Daikai subway station which is the first subway structure
that completely collapsed due to the earthquake. The station is a box frame structure with columns at the center,
measuring 17 m wide and 7.17 m high in the exterior dimensions, and 120 m long. A complete collapse occurred in
more than half of the center columns, which resulted in the failure and collapse of the ceiling slab and subsidence of
subsoils over the station by more than 2.5 m at maximum. Many diagonal cracks were also observed on the walls in
the transverse direction.

Judging from the damage pattern, a strong horizontal force was imposed on the structure from the surrounding
subsoils below the ground surface. The relative displacement of the surrounding soils between the ceiling level and
base level during the earthquake and the inertia force of the overburden soil transferred to the ceiling slab are

supposed to cause the damage. Evidence of damage due to vertical force was not clearly observed.

Key words: earthquake damage, subway, underground structures (IGC: H5)

INTRODUCTION

The Hyogoken-nambu earthquake of January 17, 1995
caused severe damage to various structures. Among
these, damage to the subway was one of the amazing
event, because underground structures had been consi-
dered to be relatively safe from earthquake effects com-
pared to structures above ground.

Figure 1 shows the location of the damaged subway
and damage patterns. The general pattern of damage is
damage to columns. There are two subway systems in
Kobe city; one is a municipal system and the other is a pri-
vate system. Damage was observed in both systems.
Damage to the Daikai station, which belongs to the Kobe
Rapid Transit Line, private system, was the most severe,
where more than 30 columns completely collapsed, and
ceiling slabs deformed extensively, resulting in about 3 m
maximum subsidence of the national road running above
the subway.

In many design specifications for the underground
line-shaped structures, aseismic design is not usually con-
sidered in the transverse direction. The reason for this is
that the underground structures are assumed to follow
the deformation of the ground during an earthquake and
the apparent unit weight of the structure is much smaller
than that of the subsoils.

i
(]

Director and Executive Director, Kobe Rapid Transit Railway.

103.
Manuscript was received for review on August 17, 1995,

Damage to underground line-shaped structures have
been reported during past earthquakes. Damage to small
structures such as water supply and gas pipelines, and /or
sewers has been reported in many earthquakes, for exam-
ple, during the 1964 Niigata earthquake (Hamada, 1992),
1978 Miyagiken-oki earthquake (Tohoku Branch of
JSCE investigation team, 1980), 1983 Nihonkai-chubu
earthquake (JSCE investigation team, 1986), and 1993
Kushiro-oki earthquake (JSSMFE investigation team,
1994). The damage caused by these earthquakes was
caused mainly by the large ground deformation due to li-
quefaction or differential ground movement near the in-
terface between hard and soft grounds. Since these struc-
tures can not be resist out against ground deformation
with rigidity alone, incorporation of flexible joints have
been considered. There have been a few reports of
damage to large underground structures. Separation of
construction joints on side walls at the intersection be-
tween the underground and ground surface sections in
soft ground was reported at a subway during the 1985
Mexico earthquake (Kawashima, 1994). Deferential
movement at a flexible joint between a ventilation tower
and tunnel, and water leak near the ventilation tower
were reported during the 1989 Loma Prieta earthquake,
USA (ADEP (Association for Development of Ear-
thquake Prediction) investigation team, 1990). This

Research Head and Vice President, Engineering Research Institute, Sato Kogyo Co., Ltd., Nihonbashi Hon-cho 4-12-20, Chuo-ku, Tokyo

Written discussions on this paper should be submitted before August 1, 1996 to the Japanese Geotechnical Society, Sugayama Bldg. 4F,
Kanda Awaji-cho 2-23, Chiyoda-ku, Tokyo 101, Japan. Upon request the closing date may be extended one month.
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damage was however very light.

The Daikai station is the first subway structure that
was completely damaged during an earthquake. As
shown in Fig. 1, damage to the subway system was report-
ed not only at this station but also at many other loca-
tions although the degree of damage was less than that in
the Daikai station. Earthquake resistance design of un-
derground structures can be reviewed and evaluated from
a study of this damage. The authors implemented a de-
tailed reconnaissance survey on the damage at the Daikai
station in order to assist in the investigation of the
damage mechanism. This survey included check of the ex-
tent of damage made just after the earthquake as well as
various surveys conducted during the demolition of the
structure prior to reconstruction of a new station. The
results of these surveys are reported in this paper.

DESIGN AND CONSTRUCTION OF THE DAIKAI
STATION

Kobe Rapid Transit Line is a subway system operating
to the west from downtown Kobe city. It consists of two
lines; the Tozai Line which runs about 7.2 km in order to
connect downtown (Sannomiya and Motomachi) and
Nishidai, and the Nanboku Line connecting Shinkaichi
and Minatogawa extending for about 0.4 km. The ends
of these lines are connected with other railroads, and
therefore it is one of the most important mass transporta-
tion systems in Kobe. The Daikai station is located on the
Tozai line near the middle of the line. Near this station,

= -~
P 1, \, Ward \ I
, N : . r
/ N 8 Kamisawa st.
" Nagata " \ |91 columns damaged X’
‘\ Ward N \‘ *

st.=Station
= Railway JMA intensity
---- Subway scale 2 7

—— Road

Location of damaged subways and damage patterns

the subway runs right under the National road no. 28. As
shown in Fig. 1, the Japan Meteorological Agency seis-
mic intensity in this area was evaluated to be 7 or more,
which is equivalent to MM seismic intensity scale of 10 or
more.

The longitudinal direction of the subway is at an angle
of about 40 degrees from the east-west direction, there-
fore, it is not convenient to use bearings to point out the
direction. Instead, as shown in Fig. 2, we will use ‘‘moun-
tain side”” and ‘‘sea side’ to point out the transverse
direction, and ‘‘Shinkaichi side’” and ‘‘Nagata side’’ for
the longitudinal direction.

The Daikai station construction was begun in August
1962 using the cut-and-cover method, and it was complet-
ed on January 31, 1964. Soldier beam and sheathing
boards was employed to excavate below the ground sur-
face for a depth of about 12 m.

Figures 2 and 3 show a plan and cross-section of the sta-
tion. The station is a two story reinforced concrete under-
ground structure; B2 floor consists of platforms and rail
lines and the B1 floor is a concourse with a ticket barrier.
The thickness of the overburden soil is about 4.8 m at sec-
tion 1-1 and 1.9 m at section 2-2.

The main part of the B2 floor is a box type frame struc-
ture with columns at the center, measuring 17 m wide
and 7.17 m high in the outside dimension, and it is 120 m
long in the longitudinal direction. There are 35 center
columns in total along the longitudinal direction. The
center column is 3.82 m high and has cross-section of 0.4
m X 1.0 m, and the distance between columns is 3.5 m.
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These columns are supported by the upper beam with
1.6 m deep and the lower beams are 1.75 m deep. The
thickness of the ceiling and base slabs are 0.80 and 0.85
m, respectively, and the thickness of the side walls is 0.7
m above the platform and 0.85 m below the platform.
There are utility rooms (electric facility room and switch-
ing station room) under the concourse, therefore the
walls are heavily loaded in this region.

The frame was designed based on a consideration of
the weight of the overburden soil, lateral earth pressure,
and weight of the frame under ordinary loading condi-
tions as shown in Fig. 4, however the earthquake load

128.6 kN/m*
e EEEEFREYNENEE
E
|104.5 kN/m 559 045 Km Ll
L=
80.7 kN/m’
LT rrirrrd
128.7 kKN/m?
8.15m 1 815 m
Fig. 4. Load distribution considered during the design
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was not taken into account, with the normal method
being used at that time of design. Under these loads, a
center column is subjected to N=4410 kN; top of the
lateral wall is subjected to M=191 kNm, N=444.3 kN,
and @=97.1 kN, and the bottom of the lateral wall is sub-
jected to M=463.5 kN, N=517.4 kN, and 0=211.5 kN
per unit length in the longitudinal direction, where M, N
and Q denotes bending moment, axial force and shear
force, respectively, and the so called lateral wall is the out-
ermost wall of the underground station. The design
strength of the concrete was 23520 kN/m? for center
columns and 20580 kN/m? for other structural compo-
nents, and design the yield stress of reinforcing steel was
23.52 kN/cm?, Round steel bars with diameters from 16
to 25 mm were used as reinforcing for the walls and
slabs, and 32 mm diameter bars were used in the center

column. A transverse hoop (9 mm diameter) was placed
at every 350 mm in the center column. Figure 5 shows the
reinforcing steel arrangement. Since the cross-sectional
area of the center column was predetermined and was
small, high design strength concrete was used and many
reinforcing steel bars were placed in the center column in
order to sustain design axial load. The allowable axial
force (one-third of design strength) is 4439 kN, which is
slightly larger than design axial force of 4410 kN.

Two tests were made after the earthquake in order to
evaluate the strength of the concrete. A strength of
37240 kN/m? with standard deviation of 2646 kN/m?
was obtained by Schmidt hammer tests. Average com-
pression strengths of the 8 cylindrical specimens taken
from the center column was 39690 kN/m?.
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Fig. 5. Reinforcing steel arrangement drawings (a) Longitudinal direction (b) Transverse direction
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GEOMORPHOLOGICAL AND GEOLOGICAL
SETTING AT DAIKAI STATION

The Daikai station is located west of Kobe port, and is
about 15 km northeast of the epicenter of the Hyogoken-
nambu earthquake. It is geomorphologically located in a
low-lying area with a ground surface elevation of about
5 m, that extends along the southern toe of Rokko moun-
tain.

Rokko mountain, with an elevation of about 400 m in
the western part near the Daikai station, is composed of
granite formed during the Cretaceous period. Many ac-
tive faults run along the southern piedmont line of the
mountains, one of which runs immediately north of the
Daikai station.

The geology of the site is essentially soft sandy silt of
back marsh origin overlying medium to course granitic
sand containing gravel, which, in turn, overlies soft Holo-

cene marine clay and dense Pleistocene gravel.

A soil investigation was made in 1959 prior to the con-
struction of the subway. Figure 6 shows boring logs ob-
tained from tests on the west and east sides of the station.
The soil investigation was also made after the earthquake
in February, 1995, which included PS logging. The
results of this investigation is shown in Fig. 7 along with
soil profiles. The depth of the water table was between 6
and 8 meters after the earthquake, which is lower than
that before the earthquake (about 3 m; see Fig. 6). Refer-
ring to another source (Kobe city, 1980), generally the
depth of base (SPT N-value> 50) was deep on the west
side and consists of silty or clayey surface soil. The depth
of base becomes shallow toward east; that at the Daikai
station site is about 15 m and that at the Shinkaichi sta-
tion is less than 10 m. In addition, sand becomes more
predominant toward the east.

In addition, standard penetration and cone penetra-
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Fig. 6. Borehole investigation before the earthquake
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(b) Soil profiles

Fig. 7.
N value is shown in Fig. 8

tion tests were made near the structure in order to deter-
mine the properties of the fill material. Decomposed
granité soil was used as the fill material. Figure 8 com-
pares SPT N-values with N-value computed from the
cone penetration tests. The N value of the fill is about 10
at all depths except near the bottom. Figure 9 shows the
grain size distribution and Fig. 10 shows strain depen-

Soil profile based on the borehole investigation after the earthquake and settlement of the ground surface: Boring No. 4 is fill whose SPT-

dent characteristics of undisturbed samples of the fill
material obtained from a dynamic deformation test. The
test was made under isotropic initial stress states with
confining pressures of 49 and 98 kN/m? and an
anisotropic initial stress state with principal stresses of 49
and 29.4 kN/m?2.
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Fig. 9. Grain-size distribution of fill material

DAMAGE DUE TO EARTHQUAKE

General Features of the Damage and Damage Adjacent
to the Station

Figure 11 shows a schematic diagram of the damage in
the longitudinal direction. Since finishes with concrete
block and tile were done on the interior surface of the
wall, they had to be removed to check the cracks. The lo-
cations where finishes were not removed are shown as
““region not investigated’’ in this diagram. Overburden
soil had to be removed in order to see the cracks on the ex-
terior surface of the wall. The region where this was done
is shown as ‘‘region investigated’’ in the figure. Checking
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o
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Fig. 10. Strain dependent characteristics of shear modulus and
damping ratio obtained from dynamic deformation test on
undisturbed samples, where IC denotes isotropically consolidated
sample, AC denotes unisotropically consolidated sample, and
numbers in the parenthesis are initial effective confining pressure

for cracks on the exterior surface of the ceiling slab was
not undertaken because of the reconstruction work in
progress. Figure 12 shows a schematic diagram of the
damage in the transverse direction at several cross-sec-
tions.

The general features of the damage was that center
columns completely collapsed on the Nagata side of the
station resulting in settlement of the ceiling slab as well as
overburden soils above the station. Many cracks were ob-
served in the longitudinal direction on the walls as well as
in the transverse direction.

A train just passed the Daikai station at the time of the
earthquake, but was not scheduled to stop at the station,
The motor man stopped the train after feeling the earth-
quake and escaped to the ground surface with passengers
through the Daikai station. Judging from the interview
with this.man, it seems that center columns had already
collapsed when they passed the station. Vehicle transpor-
tation on the National road no. 28 which runs over the
station, however, was possible during the day the earth-
quake occurred. The ground for a distance 90 m long and
23 m wide gradually settled up to more than 2.5 m maxi-
mum. The contour lines of the settlement of the road sur-
face are shown in Fig. 7, which was measured on January
28. Ground settlement probably occurred beneath the
pavement slab at the time of the earthquake, but the pave-
ment slab sustained its own weight due to its rigidity.
Photograph 1 (JGS, 1996) shows settlement of the
ground surface.

At the municipal Daikai apartment house which is lo-
cated south of National road no. 28 (see Fig. 6 for loca-
tion), the sidewalk was lifted up along the road, and sepa-
ration between the foundation and the ground of about
10 cm was observed. Immediately in front of the build-
ing, a ventilation tower for the subway is located in the
medium strip. During the reconstruction process, discon-
tinuity of about 3 cm was found in the tower at a depth
of about 4 m with the upper part moving toward the
mountain side. These observations indicate that there
was strong horizontal shaking in the transverse direction.
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Center Columns at B2 Floor which are designated zone A, B and C, respectively, here-

Referring to Fig. 2, the station can be divided into 3  after (see Fig. 11). Zones A and C are a one story box
zones in the longitudinal direction along the station de- frame structure whereas zone B has utility rooms adja-
pending on the structural system: zones composed of cent to the platform as well as the B2 floor (concourse).
columns 1-23, columns 24-29, and columns 30-35, Damage was the most severe at zone A, in the Nagata
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Fig. 12. Schematic figure showing the damage patterns in the transverse direction. Numbers in (a) to (f) are clear height in m measured after the
damage, and numbers in (g) to (f) denote crack width in mm
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side. Almost all of the center columns completely col-  columns is shown in Photos. 2 (JGS, 1996) to 6.

lapsed and the ceiling slab fell down. As a result, the There were two types of collapse pattern in the center
original box frame structure distorted to an M-shaped sec-  column in zone A; collapsed portion bends into one direc-
tion as shown in Fig. 12. Typical damage to the center tion as shown in Photos. 4 and 5 and Figs. 12(b) and (c),
and in two directions in a symmetrical manner as shown
in Photo. 6 and Figs. 12(a) and (d). The collapsed por-
tion was pushed toward the mountain side in columns 7,
11, 12, 16 and 19, and toward the sea in cdlumns 2-6, 9,
10, 20, and 21, whereas the collapsed portion was pushed
out into both directions in columns 8, 13, 14, 17, 18, and
22-24.

Photo. 1. National road No. 28 running above the Daikai station.
Area 90m long and 23 m wide settled more than 2.5m at
maximum because of the collapse of the station. The 5 story
building on the left is the municipal Daikai apartment house

Photo. 4. Damage to center column No. 10 where damage was the
severest

Photo. 2. View of the Daikai station from the Nagata side. Center
columns collapsed completely and the ceiling slab subsided

Photo. 3. View of the Daikai station from the Shinkaichi side.
Damage was relatively less compared with the Nagata side Photo. 5. Damage to center column No. 20
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Photo. 6. Damage to center column No. 23

In zone B, as shown in Figs. 11(d) and 12(d), the col-
lapse of the column occurred in the upper portion and
reinforcing steel buckled into a symmetrical shape in
columns 24 and 25. The upper longitudinal beam connect-
ing the center columns was bent at a point between
columns 25 and 26. The small separation of the corner
concrete of the center columns was observed at the moun-
tain side of upper portion and at the sea side of lower por-
tion, in columns 26, 27 and 28.

Although the structural system in zone C was the same
as that for zone A, damage was less in zone C compared
with that in zone A. Figure 12(f) shows the damage to
column 31 where the lower part of the center column is
damaged and ceiling slab settled about 5 cm.

Photograph 7 shows a close-up of the damaged por-
tion of column 34. It was noted that every other bar buck-
led. As shown in Fig. 5(a), buckling of the reinforcing
steel was constrained by the hoop steel as well as by the
bars placed in a zigzag manner connecting the reinforcing
steel on opposite sides of the column. Damage shown in
Photo. 7 indicates that this additional zigzag distribution
of reinforcing steel works well in confining the core con-
crete.

The clear height between the upper and lower beams
was measured at a point between the center columns,
which is shown as & in Fig. 11(d). The minimum clear
height is 1.15 m. Compared with the design clear height
of 4.02 m, settlement of the ceiling slab is about 2.9 m

4 B, SR Rl
Photo. 7. Damage to center column No. 34. Only every other
reinforcing bar buckled indicating that the zigzag arrangement

of the reinforcing steel (See Fig. 5) worked well to retain the
core concrete

maximum, which is about the same as the settlement of
the ground surface shown in Fig. 6.

Cracks were observed in the upper beam between
columns 32 and 33 supposedly caused by punching shear
on the columns.

Railroad Level and Base Slab

The level of the railroad is measured every 5 meters.
The difference of levels between the adjacent points are
from 8 to 28 mm, therefore the gradient for each interval
is between 1.6 and 5.6%. The measured gradient value is
scattered around the design value of 3%. The scatter was
larger near the boundary of the station. It is not known
whether this measured scatter existed before the earth-
quake or was caused by the earthquake.

Cracks were not observed on the base slab, and water
leakage was also not observed through the base slab.
Water leakage was, however, found at some of the con-
struction joints.

Ceiling Siab

In zone A, the ceiling slab kinks and cracks 150-250
mm wide, appeared in the longitudinal direction about
2.15 to 2.40 m from the center line of the columns as
shown in Fig. 11(a) and Photos. 2 and 8. Referring to
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Photo. 8. Damage to ceiling slab: view toward Nagata side from
column No. 18

Fig. 5(b), this portion was found to coincide with the por-
tion where sagging reinforcing steel bars in the ceiling
slab were bent upward so as to use them efficiently under
the action of load shown in Fig. 4. In addition, cracks in
the transverse direction were noted at nearly equal dis-
tance on the ceiling slab, the widths of which extended up
to 70 mm. Almost all of them were located along the
edge of the center columns. Cracks were located at about
45 degrees in the longitudinal direction near the end on
the Nagata side. In addition, the separation of cover con-
crete was observed over almost the entire area near the
haunch and the intersection between the lateral wall and
ceiling slab.

Many small cracks in the diagonal direction were ob-
served on the ceiling slab near the boundary between
zones A and B. Cracks in the diagonal direction were
also observed at the Shinkaichi side of zone B.

Only a few cracks were observed in the longitudinal
direction in zone C.

Lateral Wall

The damage pattern in the lateral walls is shown in Fig.
11(b), (c), (¢) and (f). Since a concrete block masonry
wall finished with tile was constructed at the inside of the
wall, the damage to the lateral wall can not be seen from
inside. These finishes were removed except in the portion
where designated ‘‘region not investigated’’ in the figure.

Although the damage patterns are similar in both the
mountain and sea sides walls, it was a little more severe in
the sea side wall. In this wall, separation of cover con-
crete was observed near both the top and bottom haun-
ches, and vertical cracks 0.1-1 mm wide, run from bot-
tom to top. In addition, diagonal cracks probably caused
by large shear stress were observed at the Nagata side end
of zone A.

According to the investigation of the exterior surface
as shown in Figs. 11(b) and (f), wide cracks in the lon-
gitudinal direction were observed along with the intersec-
tion with the haunch. Therefore, as emphasized in Fig.
12(a), as the result of the collapse of the center column in
zone A, a kink occurred at the upper part of the lateral
wall and the intermediate part of the ceiling slab, but not
at the end of the ceiling slab.

Under the platform, a significant separation of cover
concrete was observed on the mountain side lateral wall
for a length of about 40 m; 30 m to 72.5 m from the end
on the Nagata side, and this separation of cover concrete
was seen on the sea side lateral wall for a length of about
30m; 35m to 65m from the end on the Nagata side.
Water leakage was also observed at these separated loca-
tions sufficient enough to dampen the area and some-
times occasionally actual flow of water could be seen.
Cracks were also observed on the columns that support
the platform. In general, the crack width was wider on
the railroad side than in the wall side, which indicates
that the platform was pushed toward inside.

Crack patterns were found to be similar in the lateral
wall under the platform. Looking from Nagata side,
three vertical cracks were observed within the first 10 m.
From that, cracks were not observed for about 60 m. Ver-
tical cracks at equal distances were observed between 60
m and 90 m. It was concluded that these cracks were origi-
nally caused by thermal effects and the crack width was
enlarged due to the earthquake.

After the collapse of the center column and ceiling
slab, the lateral wall tilted toward inside. The relative
movement of the bottom of the upper haunch from the
platform was 2.7 cm on the sea side wall and 1.5 cm in
the mountain side wall at about 10 m from the end of the
Nagata side. At about 30 m distance from the end at the
Nagata side where the settlement of the ceiling slab was
the most severe, both the seaside and mountain side walls
tilted by about 9.0 cm and about 5.9 cm, respectively. In
addition, at a location 50 m from the Nagata side, the sea
side and mountain side walls tilted bout 1.6 cm and 4.5
cm, respectively. The tilt of the lateral wall was hardly ob-
served in zone C.

Deformation of the lateral wall and the slab were hard-
ly observed in zone B.

In zone C, diagonal cracks were observed on the lateral
wall near the end of the Shinkaichi side. Apart from the
end, there were a few vertical cracks. They would have
appeared soon after the construction due to thermal
effects, and the width was enlarged due to the earth-
quake.
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Transverse Wall

There are several walls in the transverse direction: both
ends, utility rooms, etc. The damage pattern of these
walls is shown in Fig. 12(g)-(j) and Photos. 9 to 11. Di-

Photo. 9. Diagonal cracks appeared on the lateral wall on the
mountain side at the end of the Nagata side

Photo. 10. Damage to transverse wall in the sea side at the end of
Nagata side Photo. 11. Damage to transverse wall at the electric facility room

Fig. 13. Crack patterns in the Bl floor: Numbers in the figure are crack width in mm
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agonal cracks were observed in all the walls.

Electric Facility Room and Switching Station Room

These rooms were constructed on B2 floor adjacent to
the platform and under the concourse. They are sur-
rounded by concrete walls. Many diagonal cracks were
observed in the walls in the transverse direction as shown
in Fig. 12(i). Very little damage to lateral the wall were ob-
served.

Concourse (Bl floor)
Crack patterns in the Bl floor are shown in Fig. 13.
Compared with Fig. 11(a) where crack patterns of the bot-

tom of the ceiling slab are shown, the crack patterns were
different on each side. A cracks of semi-circular shape sur-
rounded the location of column 24 and 25. These may
have been caused by the collapse of these two columns.
Cracks on both the lateral and transverse walls were not
investigated.

Railroad Just Away from the Daikai Station
Investigation was also conducted beyond the limits of
the station. The damage pattern just beyond the station
on the Nagata side is shown in Fig. 14 and Photos. 12
and 13, and on the Shinkaichi side in Fig. 15. Here sta-
tion 0 in Fig. 14 corresponds to the end of the Nagata
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Fig. 14. Schematic figure showing the damage away from the station in Nagata side. Small numbers denote crack width in mm
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side of the station and column I which is next to column  pushed inside and separation several centi-meters wide
1. The columns are numbered in sequence from number appeared on the boundary between the lower haunch on
36 on the Shinkaichi side. the Nagata side. Separation of the cover concrete was ob-

As shown in Photo. 12, the sea side lateral wall was served both at the top and bottom of the column as
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Fig. 15. Schematic figure indicating the damage away from the station on Shinkaichi side. Small numbers denote crack width in mm
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Photo. 12. Damage to lateral wall away from the Daikai station on
Nagata side: Lower part of the lateral wall pushed toward the
inside for about 1.0 to 4.5 cm along the boundary between
lateral wall and haunch

Photo. 13. Damage to center pillar beyond the station on Nagata side

shown in Photo. 13.

The damage was less on the Shinkaichi side than on the
Nagata side. Generally, the degree of damage to the later-
al wall in these areas was of the same order of magnitude
as the damage in the station.

MECHANISM OF COLLAPSE BASED ON DAMAGE
PATTERN

Damage of the center columns occurred to various
degrees from complete collapse to slight damage in the
Daikai station. It is very difficult to clearly define the
mechanism of the damage to the Daikai station by only
observing completely collapsed columns, because the
effect of gravity (axial load) becomes predominant for
the residual deformation pattern. Therefore it is better to
observe columns that are only slightly damaged.

For column 28, which is one of the slightly damaged
columns, a small separation of the column cover concrete
was observed at two locations: sea side (bottom) and
mountain side (top) of the column. This indicates that
the horizontal force acting in the transverse direction

toward the mountain side caused the damage to the
column.

The mechanism becomes more clear by focusing the in-
vestigation on the slightly damaged column such as
columns 22-26 and 29-34. The predominant damage oc-
curred either at the bottom or at the top of the column.
This damage seems to have been caused by the bending
moment; bending moment around the longitudinal axis
seems to be predominant whereas that in the transverse
direction is much less effective. This also indicates that
the horizontal force acting in the transverse direction
caused damage to the columns. :

Based on observation of these columns, the mechan-
ism of the damage of the collapsed column in zone A is
evaluated to be as follows: 1) Due to strong horizontal
force, the member reaches its strength under the combina-
tion of bending moment and shear force acting near the
end of the column, which resulted in collapse of the end
of the column. 2) The load carrying capacity of the box
frame was reduced, and therefore excess relative horizon-
tal displacement occurred. Once horizontal displacement
becomes large, additional moment due to axial load (so
called P-A effect) increases greatly resulting in the com-
plete collapse of the center column.

This mechanism can explain most of the damage which
occurred at the Daikai station. As seen in Fig. 11,
damage was the most severe in zone A. This can be ex-
plained by the fact that the wall in the transverse direc-
tion is more in zones B and C than in zone A. Actually,
as shown in Fig. 12(h) and (i), many diagonal cracks were
observed in these walls, which indicates that a large
horizontal force also acted in zones B and C. Since the
transverse wall carried much of the load, damage to the
center columns was small in this zone. The damage which
occurred in the municipal Daikai apartment house and
ventilation tower also suggests the existence of a strong
horizontal force.

Horizontal force must act not only in the transverse
direction but also in the longitudinal direction. Damage
caused by the horizontal load in the longitudinal direc-
tion, however, is rarely observed. This can be accepted
by considering that the total wall dimension is larger in
the longitudinal than in the transverse direction. Evi-
dence of horizontal force may be seen in the diagonal
cracks on the lateral wall at both ends of the station.

The source of the horizontal force is the next question,
Earth pressure may be one of the factors, however does
not seem to be the predominant factor, because it works
symmetrically. Response of the frame may not be a
specific cause of damage because all the structural ele-
ments except the center column come into contact with
soil, and therefore do not behave independent of the
resulting movement of the subsoils. The best possibility
is a relative displacement between the base and ceiling lev-
els caused by the subsoil movement. As a result of the
response of the subsoil profile due to the earthquake, rela-
tive displacement between the ceiling and base levels
appears and results in a horizontal force acing on the sub-
way structure. This type of displacement may be negligi-
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ble in the case of a small structure, but it can be very effec-
tive in a large structure such as the Daikai station and/or
nonlinear behavior of the subsoil profile becomes
predominant.

In addition, the difference in the thickness of the over-
burden soil may affect the extent of damage between
zones A and B. Since the thickness of the overburden soil
is larger in zone A (4.8 m) than in zone B (1.9 m), the iner-
tia force acting on the ceiling slab in zone A may be larg-
er than that in zone B.

At present, the evaluation the load transferred from
the overburden soil to the ceiling slab is difficult. It is
clear that not all the inertia force of the overburden soil
was transferred to the ceiling slab, however, research into
the evaluation of the soil block which provides inertia
force to the subway has not yet been undertaken.

Evidence that vertical force affects the collapse of a sta-
tion during an earthquake has not been definitely
confirmed.

CONCLUSIONS

The Daikai station is the first subway structure that
completely collapsed due to the earthquake. A detailed
reconnaissance survey of the damage was made in order
to determine the behavior of the station during the earth-
quake. Based on a study of the damage pattern, the
mechanism of the collapse of the station is considered to
be as follows:

The B2 floor of the station was subjected to a strong
horizontal load, which caused deformation of the box
frame structure. In zone A where amount of wall in the
transverse direction is small, center columns initially col-
lapsed due to a combination of bending and shear result-
ing from the deformation of the box frame. Then, as a
result of the relative displacement between the top and
bottom of the columns, additional moment by gravity of
the overburden soil became predominant resulting in the
failure of the column. Since the walls in the transverse
direction carry most of the horizontal force in zones B
and C, damage to columns was much smaller compared
with that in zone A. Instead, many diagonal cracks

appeared on the walls in the transverse direction, such as
walls at both ends of the station and walls in the utility
rooms. In addition, less overburden soil is present in
zone B because of the existence of the Bl floor (con-
course), which reduced the inertia force transferred from
the soil to the ceiling slab.

Considering the mechanism stated above, research is re-
quired to evaluate the load acting on a large underground
structure from the surrounding subsoils. The following
items are considered especially important.

1) Behavior of the ground to evaluate the relative dis-
placement between the top and the bottom of the struc-
ture.

2) Soil-structure interaction between the underground
structure and surrounding soil to evaluate the load acting
on the structure from the surrounding soil.

3) Effect of overburden soil which provides an inertia
force on the underground structure.
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DAMAGE TO DAIKAI SUBWAY STATION OF KOBE RAPID TRANSIT SYSTEM AND
ESTIMATION OF ITS REASON DURING
THE 1995 HYOGOKEN-NANBU EARTHQUAKE

Teruo YAMATO, Toshio UMEHARA, Hifumi AOKI, Susumu NAKAMURA,
Jyunichi EZAKI and Iwao SUETOMI

The Daikai subway station of Kobe Rapid Transit System was seriously damaged during the 1995 Hyogoken-
nanbu earthquake . The upper floor was collapsed and the route 28 above the floor was settled. These were caused by
failure of the reinforced concrete columns. The test hammer test and the laboratory soil test were carried out to obtain
the actual concrete strength and dynamic deformation characteristics of filled soil material. Furthermore, in order to
make clear the reason why the structure was damaged, 2 kinds of analysis were condacted. First, dynamic response
analysis was carried out. Static analysis considering non linear relationship between the moment and rotational angle at
the end of the elements of the structure was carried out in which applied load derived from such sectioanl force as
axial and shear force obtained at nodal point. Cracks at the end wall and failure of the columns indicate that severe
lateral seismic force applied to the tmsverse section of structure. It is concluded that center columns failed due to

bending and shear failure mechanism based on the analysis.
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DAMAGE TO DAIKAI SUBWAY STATION
DURING THE 1995 HYOGOKEN-NUNBU EARTHQUAKE AND ITS INVESTIGATION

N. YOSHIDA, and S. NAKAMURA

Engineering Research Institute, Sato Kogyo Co., Ltd.
Nihonbashi-honcho 4-12-20, Chuo-ku ,Tokyo 103, Japan

ABSTRACT

A detailed reconnaissance survey was conducted at the Daikai subway station which is the first subway
structure that completely collapsed due to an earthquake. A complete collapse occurred at the location of
more than half of the center columns, which resulted in the failure and collapse of the ceiling slab, and
settlement of the subsoils over the station by more than 2.5 m at maximum. Many diagonal cracks were also
observed on the walls in the transverse direction. Judging from the damage pattern, a strong horizontal force
was imposed on the structure from the surrounding subsoils. Investigation of the damage mechanism was
made through analytical approach. It is concluded that ceiling slab failed by the lack of the load carrying
capacity against shear at center column.

KEYWORDS

earthquake, subway station, underground structure, earthquake damage, damage investigation, dynamic
analysis, static analysis, nonlinear analysis

INTRODUCTION

The Hyogoken-nanbu earthquake of January 17, 1995 caused severe damage to various structures. Among
these, damage to the subway was one of the amazing event, because underground structures have been
considered to be relatively safe from earthquake effects compared to structures above the ground, and no
significant damage has been reported so far. Figure 1 shows the location of the damaged subway and
damage patterns. The general damage pattern is damage to columns. As shown in Fig. 1, the Japan
Meteorological Agency seismic intensity in this area was evaluated to be 7 or more, which is equivalent to
MM seismic intensity scale of 10 or more.

In many design specifications for the underground line-shaped structures, aseismic design is not usually
considered in the transverse direction. The reason for this is that the underground structures are assumed to
follow the deformation of the ground during an earthquake and the apparent unit weight of the structure is
much smaller than that of the subsoils. Earthquake resistance design of underground structures can be
reviewed and evaluated from a study of this damage.

The authors implemented a detailed reconnaissance survey on the damage to the Daikai station in order to
assist the investigation of the damage mechanism. Then, the damage mechanism found by the survey was
verified through the analytical approach. Two analyses, which consist of dynamic response analysis for soil-
structure system and static nonlinear analysis for structure system, were conducted. The results of the survey
and the analysis are reported in this paper.
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DESIGN AND CONSTRUCTION OF DAIKAI STATION

The Daikai station was constructed right under the National road no. 28 in 1964 using the cut-and-cover
method. Figures 2 and 3 show a plan and cross-section of the station. The station is two story reinforced
concrete underground structure; B2 floor consists of platforms and rail lines and the B1 floor is a concourse
with a ticket barrier. The thickness of the overburden soil is about 4.8 m at section 1-1 and 1.9 m at section
2-2 respectively. The B2 floor is mainly a box type frame structure with columns at the center, measuring 17
m wide and 7.17 m high in the outside dimension, and it is 120 m long in the longitudinal direction. The
center column is 3.82m high and has a cross-section of 0.4 m X 1.0 m, and the distance between columns is
3.5m.

The frame was designed based on a consideration of the weight of the overburden soil, lateral earth pressure,
and weight of the frame under ordinary loading conditions, but the earthquake load was not taken into
account, which was the normal method being used at that time of the design. Round steel bars with
diameters from 16 to 25 mm were used as reinforcing for the walls and slabs, and 32 mm diameter bars were
used in the center column. A transverse hoop (9 mm diameter) was placed at every 350 mm in the center
column. Figure 4 shows the reinforcing steel arrangement of the center column. The allowable axial force
was 4439 kN, which was slightly larger than design axial force of 4410kN. Two tests were made after the
earthquake in order to evaluate the strength of the concrete. A strength of 37240 kN/m” with standard
deviation of 2646 kN/m” was obtained by Schmidt hammer tests. Avcragc compression strengths of the 8
cylindrical specimens taken from the center column was 39690 kN/m*.
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(a) Plan and contours of the settlement of the ground surface
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(b) Soil profiles
Fig. 5 Settlement of the ground surface (numeral in (a)) and soil profile based on the borehole investigation
after the earthquake. Boring No.4 is fill whose SPT-N value is shown in Fig. 6.

GEOLOGICAL SETTING AT DAIKAI STATION

The soil profiles by the investigation made after the earthquake in February, 1995 is shown in Fig. 5. The
depth of the water table was between 6 and 8 meters. Referring to another source (Kobe city, 1980), the
depth of the base (SPT-N value > 50) was deep on the west side and it consists of silty or clayey surface soil.
It becomes shallow toward east; the depth at the Daikai station site is about 15 m and that at the Shinkaichi
station is less than 10 m. In addition, sand becomes more predominant toward east.

Standard penetration and cone penetration tests were made near the structure in order to determine the
properties of the fill material. Decomposed granite soil was used as the fill material. Fig. 6 compares SPT N-
values with N value computed from the cone penetration tests. The N value of the fill is about 10 at all
depths except near the bottom. Figure 7 shows strain dependent characteristics of undisturbed samples of
the fill material obtained from dynamic deformation tests. The test was made under the isotropic initial
stress states with confining pressures of 49 and 98kN/m’ and an anisotropic initial stress state with
principal stresses of 49 and 29.4 KN/m’.
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DAMAGE DUE TO EARTHQUAKE

Figure 8 shows schematic diagrams of the damage in the longitudinal direction. The ground of the National
road no. 28 for a distance 90 m long and 23 m wide gradually settled up to more than 2.5 m maximum. The
contour lines of the settlement of the road surface are shown in Fig. 5, which was measured on January 28.
Referring to Figs.2 and 8, the station can be divided into 3 zones in the longitudinal direction along the
station depending on the structural system: zones composed of columns 1-23, columns 24-29, and columns
30-35, which are designated zone A, B and C, respectively, hereafter. Zones A and C are a one story box
frame structure whereas zone B has utility rooms adjacent to the platform as well as the B2 floor
(concourse).

Damage was the most severe at zone A, in the Nagata side zone. Almost all of the center columns
completely collapsed and the ceiling slab fell down. As a result, the original box frame structure distorted to
an M-shaped section as shown in Fig. 9(a). Typical damage to the center columns is shown in Photo 1. The
ceiling slab kinks and cracks 150 to 250 mm wide appeared in the longitudinal direction about 2.15 to 2.40
m from the center line of the columns. In addition, the separation of cover concrete was observed over
almost the entire area near the haunch and the intersection between the lateral wall and ceiling slab. In zone
B, as shown in Fig. 9(b), the collapse of the column occurred in the upper portion and reinforcing steel
buckled into a symmetrical shape for columns 24 and 25. The upper longitudinal beam connecting the
center columns was bent at a point between columns 25 and 26. The small separation of the corner concrete
of the center columns is observed at the mountain side of upper portion and at sea side of lower portion, in
columns 26, 27 and 28. Although the structural system in zone C was the same as that for zone A, damage
was less in zone C compared with that in zone A. Figure 9(c) shows the damage to column 31 where the
lower part of the center column is damaged and ceiling slab settled about Scm.

In the lateral wall, separation of cover concrete was observed near both the top and bottom haunches.
According to the investigation of the exterfor surface, wide cracks in the longitudinal direction were
observed along the intersection with the haunch. Under the platform, a significant separation of cover
concrete was observed on the both side lateral walls. There are several walls in the transverse direction: both
ends, electric facility room, switching station room, etc. Diagonal cracks typically shown in Fig. 9(d) and
Photo 2 were observed in all the walls in the transverse direction.

Column 10
(a) Zone A

15}

- ~ N

CC ) 3% \Kﬂ

Column 31 l m[_' \_‘Iﬁ |

(c) Zone C Transverse wall at the utility room at column 28

(d) Transverse walls
Fig. 9 Schematic figure showing the damage pattern in the transverse direction
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Photo 2 Cracks in the transverse wall in electric
facility room

Photo.1 Collapse of no.10 column in Zone A

Based on the observation of the damage to these columns and walls, the mechanism of the damage of the
collapsed column in zone A is evaluated to be as follows: 1) Due to strong horizontal force, the member
reaches its strength under the combination of bending moment and shear force acting near the end of the
column, which resulted in collapse of the end of the column. 2) The load carrying capacity of the box frame
was reduced, and therefore excess relative horizontal displacement occurred.

ANALYSIS

Two step analyses were carried out each of which considered either nonlinear behavior of subsoils or that of
the structure. At first step, in order to appropriately estimate the dynamic response of the structure during
the earthquake, dynamic response analysis of soil-structure system was conducted using two dimensional
finite element method considering nonlinearity of soil by equivalent linear method. Based on the behavior of
the dynamic response, static nonlinear analysis was conducted to estimate the damage process of the frame.
These analyses were conducted on one story box frame in A zone where damage was the most severe.

Estimation of dynamic response of structure

The analytical code Super-Flush was used. Both horizontal motion and vertical motions observed at KOBE
university were applied as input motion. Dynamic response analysis was first carried out under the
horizontal input motion. Then, using converged nonlinear characteristics (shear modulus and Poisson’s
ratio), dynamic response was calculated by linear analysis under both horizontal and vertical input motion.
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Fig. 10 Soil-structure system used in the dynamic response analysis.
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Soil-structure model used in the first step analysis is shown in Fig. 10. Energy transmitting boundary and
viscous boundary are used along the lateral and base boundaries, respectively. Ground is assumed to be
horizontally layered and the depth of base whose shear wave velocity is 500 m/s is about 40 m. Material
property used in the analysis, such as unit weight, initial Poisson’s ratio and shear wave velocity, is also
shown in Fig. 10. Empirical equation proposed by Yasuda and Yamaguchi (1985) are used as strain
dependent characteristics of shear modulus and damping ratio of the subsoil except fill; those shown in Fig,
7 is used for fill material. Structural members are modeled to elastic beam elements considering rigid zone.
The rigidity of each member is evaluated by considered the property of both concrete and reinforced bar.

Peak acceleration distributions in both horizontal and vertical directions are shown in Fig. 11 at a length of
14.15, 26.15 and 42.15 meters from the center of structure. Acceleration at the ground surface is more than
400 cny/s’, which correspond to the JMA seismic intensity 7 around this area. The relationship between
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axial force and bending moment at the bottom of center column is shown in Fig. 12. Here, axial force is the
sum of the dynamic response value and initial force under ordinary load condition. In the figure, the
ultimate bending moment under given axial force is shown as a chained line. The maximum axial force
(sum of forces under ordinary load and increment due to earthquake) is about 1520 kN (13300 kN/m?),
which is high in comparison with the strength of concrete. The ratio of the axial stress to the strength of
concrete is about 0.36. Response bending moment at the bottom of the center column exceed the ultimate
bending moment twice, at around 5.3 and 8.13 seconds, respectively. The same tendency is observed at the
response of lateral wall, ceiling and base slab. The ductility of the center column is a very small value, 1.3.
The ductility 1s defined as the ratio of the rotational angle of member at the ultimate bending moment to that
at the yield of reinforcing bar with respect to the axial force at 5.3 seconds. Therefore, center column was
possible to collapse just after the bending moment exceed the yield bending moment. Furthermore, the ratio
of the shear strength of center column calculated by the Standard Specification of Reinforced Concrete
(JSCE, 1991) to the converted shear force from the ultimate bending moment is less than 1.0. Therefore,
center column was also possible to collapse under shear.

Estimation of damage process

Nonlinear static analysis was carried out. One story box frame is modeled as shown in Fig. 13. Each
member is modeled into a beam element. Moment resisting joint is employed at the ends of each member,
which is modeled to be a rotational spring. The spring is modeled to tri-linear model, whose three lines
corresponds to the behavior until crack, until yield and from yield to ultimate stale, respectively. These
behavior were calculated based on the total axial force and dynamic response force. Shear force and axial
force obtained by the dynamic response analysis were applied to the location where it occurred as the
external loads. Here, forces when the bending moment at the center column first exceed the ultimate
moment are employed. They are divided into fifty and applied incrementally. These overburden soil load
and static earth pressure are considered in the initial state.

The relationship between the applied load and the displacement of the ceiling slabs relative to base slab are
shown in Fig. 14. The vertical axis (sum of the applied forces) is the normalized by the sum of the final
force. Shear failure of center column occurred when the relative displacement was 1.39cm, just after the
yield. Damages more than crack isn't recognized to the other members. After subsequent loading the load,
bending combined with compression failure occurred right after the relative displacement and increase to
1.64 cm where normalized load was 0.69. Therefore, failure mechanism of one story box frame in Zone A is
that ceiling slab failed the lack of the load carrying capacity of center column.

CONCLUSION

The Daikai station is the first subway structure that completely collapsed due to the earthquake. A detailed
reconnaissance survey of the damage was made in order to determine the behavior of the station during the
earthquake. Furthermore, the damage mechanism was verified by the nonlinear analyses. Based on these
study , the mechanism of the collapse of the station is concluded to be as follows:

The B2 floor of the station was subjected to a strong horizontal load from the adjacent subsoil, which
caused deformation of the box frame structure. In zone A where amount of wall in the transverse direction is
small, center columns initially collapsed due to a combination of bending and shear resulting in the
deformation of the box frame. Then, as a result of the relative displacement between the top and bottom of
the columns, additional moment by gravity of the overburden soil became predominant resulting in the
failure of the column. Since the walls in the transverse direction carry most of the horizontal force in zones
B and C, damage to columns was much smaller compared with that in zone A. Instead, many diagonal
cracks appeared on the walls in the transverse direction, such as walls at both ends of the station and walls
in the utility rooms.
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Abstract

Daikai subway station was completely collapsed during the 1995 HYOGOKEN NANBU
earthquake, which is the first evidence that underground structure was failed due to earthquake.
This report describes the result of the detailed investigation of the damage, analysis to make
clear the failure mechanism and its restoration work.

Almost all of the center columns in the station were damaged. The collapse of the center
columns results in the collapse of the ceiling slab, and settlement of the subsoil over the station
by up to 2.5 m at maximum. Many diagonal crack were observed on the walls in the transverse
direction. Judging from the damage pattern, a strong horizontal force was imposed on the
structure from the surrounding subsoils. Damage mechanism was also investigated based on the
nonlinear dynamic response analysis by FEM and nonlinear frame analysis. It is concluded that
ceiling slab failed by the lack of the load carrying capacity due to the shear failure of the center
columns. Effort and fully worked-out plan as well as cooperation of the residents made rapid
restoration of the station possible. Passing through the station by a train became possible 7
months after the earthquake, and the station began operation just one year after the earthquake.

Introduction

The Hyogoken-nanbu earthquake of January 17, 1995 caused severe damage to various
structures. Among these, damage to the subway was one of the amazing event, because
underground structures have been considered to be relatively safe from earthquake effects
compared to structures above the ground, and no significant damage has been reported so far.
Figure 1 shows the location of the damaged subway and damage patterns. The general damage
pattern is damage to columns. As shown in Fig. 1, the Japan Meteorological Agency seismic
intensity in this area was evaluated to be 7 or more, which is equivalent to MM seismic intensity
scale of 10 or more.

In many design specifications for the underground line-shaped structures, aseismic design
is not usually considered in the transverse direction. The reason for this is that the underground
structures are assumed to follow the deformation of the ground during an earthquake and the
apparent unit weight of the structure is much smaller than that of the subsoils. Earthquake
resistance design of underground structures can be reviewed and evaluated from a study of this
damage.

In this report, we will describes the result of the detailed investigation of the damage,
analysis to make clear the failure mechanism and its restoration work(N., Yoshida, 1996).

Design and Construction of DAIKAI Subway Station

The Daikai subway station construction was begun in August 1962 using the cut-and-cover
method, and it was completed on January 31, 1964. Figures 2 and 3 show a plan and cross-
section of the station. The station is an two story reinforced concrete underground structure; B2
floor consists of platforms and rail lines and the B floor is a concourse with a ticket barrier.
The thickness of the overburden soil is about 4.8 m at section 1-1 and 1.9 m at section 2-2.

The main part of the B2 floor is a box type frame structure with columns at the center,
measuring 17 m wide and 7.17m high in the outside dimension, and itis 120 m long in the

NAKAMURA
4—3—100



longitudinal direction. There are 35 center columns in total along the longitudinal direction. The
center column is 3.82m high and has cross-section of 0.4m x 1.0m, and the distance between
columns is 3.5m. These columns are supported by the upper beam 1.6 m deep and the lower
beams are 1.75 m deep. The thickness of the ceiling and base slabs are 0.80 and 0.85m,
respectively, and the thickness of the side walls is 0.7 m above the platform and 0.85m below
the platform. There are utility rooms (electric facility room and switching station room) under
the concourse, therefore the walls are heavily loaded in this region.

The frame was designed based on a consideration of the weight of the overburden soil,
lateral earth pressure, and weight of the frame under ordinary loading conditions, however the
earthquake load was not taken into account, with the normal method being used at that time of
design. Under these loads, a center column is subjected to N=4410kN. The design strength of
the concrete was 23520kN/m’ for center columns and 20580kN/m’ for other structural
components, and design the yield stress of reinforcing steel was 23.52kN/cm’. Round steel
bars with diameters from 16 to 25mm were used as reinforcing for the walls and slabs, and
32mm diameter bars were used in the center column. A transverse hoop (9mm diameter) was
placed at every 350mm in the center column. Figure 4 shows the reinforcing steel arrangement.
with respect to center column. Since the cross-sectional area of the center column was
predetermined and was small, high design strength concrete was used and many of the
reinforcing steel bars were placed in the center column in order to sustain design axial load. The
allowable axial force (one-third of design strength) is 4439kN, which is slightly larger than
design axial force of 4410kN. Two tests were made after the earthquake in order to evaluate the
strength of the concrete. A strength of 37240kN/m’ with standard deviation of 2646kN/m’ was
obtained by Schmidt hammer tests. Average compression strengths of the 8 cylindrical
specimens taken from the center column was 39690kN/m’.
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Geotechnical Setting

The soil profiles by the investigation made 1,000
after the earthquake in February, 1995 is shown ~
in Fig. 6. The depth of the water table was o> 198 se-<eu ot 180
between 6 and 8 meters. Referring to another
source (Kobe city, 1980), the depth of the base

(SPT-N value > 50) was deep on the west side v v v v v Y
and it consists of silty or clayey surface soil. It b 0
becomes shallow toward east; the depth at the . A A A ‘

Daikai station site is about 15 m and that at the
Shinkaichi station is less than 10 m. In
addition, sand becomes more predominant
toward east. Standard penetration

and cone penetration tests were made near the  Figure 4 Reinforcing steel arrangement
structure in order to determine the properties drawings with respect to center column
of the fill material. Decomposed granite soil

was used as the fill material. The N value of the fill is about 10 at all depths except near the
bottom. Strain dependent characteristics of undisturbed samples of the fill material is referred to

S.Nakamura(1995).
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Figure 5 Settlement of the ground surface (numeral in (a)) and soil profile based on the
borehole investigation after the earthquake. Boring No.4 is fill
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Damage due to earthquake

Figure 6 shows schematic diagrams of the damage in the longitudinal direction. The
ground of the National road no. 28 for a distance 90 m long and 23 m wide gradually settled up
to more than 2.5 m maximum. The contour lines of the settlement of the road surface are shown
in Fig. 5, which was measured on January 28. Referring to Figs.2 and 3, the station can be
divided into 3 zones in the longitudinal direction along the station depending on the structural
system: zones composed of columns 1-23, columns 24-29, and columns 30-35, which are
designated zone A, B and C, respectively, hereafter. Zones A and C are a one story box frame
structure whereas zone B has utility rooms adjacent to the platform as well as the B2 floor
(concourse).

Damage was the most severe at zone A, in the Nagata side zone. Almost all of the center
columns completely collapsed and the ceiling slab fell down. As a result, the original box frame
structure distorted to an M-shaped section as shown in Fig.7(a). Typical damage to the center
columns is shown in Photo 1. The ceiling slab kinks and cracks 150 to 250 mm wide appeared
in the longitudinal direction about 2.15 to 2.40 m from the center line of the columns. In
addition, the separation of cover concrete was observed over almost the entire area near the
haunch and the intersection between the lateral wall and ceiling slab. In zone B, as shown in
Fig.7(b), the collapse of the column occurred in the upper portion and reinforcing steel buckled
into a symmetrical shape for columns 24 and 25. The upper longitudinal beam connecting the
center columns was bent at a point between columns 25 and 26. The small separation of the
corner concrete of the center columns is observed at the mountain side of upper portion and at
sea side of lower portion, in columns 26, 27 and 28. Although the structural system in zone C
was the same as that for zone A, damage was less in zone C compared with that in zone A.
Figure 7(c) shows the damage to column 31 where the lower part of the center column is
damaged and ceiling slab settled about Scm. In the lateral wall, separation of cover concrete was
observed near both the top and bottom haunches. According to the investigation of the exterior
surface, wide cracks in the longitudinal direction were observed along the intersection with the
haunch.

Based on the observation of the damage to these columns and walls, the mechanism of the
damage of the collapsed column in zone A is evaluated to be as follows: 1) Due to strong
horizontal force, the member reaches its strength under the combination of bending moment and
shear force acting near the end of the column, which resulted in collapse of the end of the
column. 2) The load carrying capacity of the box frame was reduced, and therefore excess
relative horizontal displacement occurred.

Ceiling slab Tl_i[i]i‘[iT-: =
T ser ooy LU T T T U0
Fi“: “"':nlz'nll!'l.!\;i‘lﬁﬁu:." :clbl‘n"'lil.uélls@n “'['l_“ﬁ*,_”@”?,_,,'-’m- 177 184 DY LIS 135 184100 47 1@ ).""uﬂus 400 400 399 39T 09T 400 '4m‘2m
Center pillar g
Disance
[ 10 0 3o 40 50 &0 10 L] 90 100 1o 120m
Zone A ' Zone B ' Zone

Figure 6 Schematic figure indicating the damage. Here, h denotes measured clear height,
circle number denotes column number.
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Figure 7 Schematic figure showing the damage Photo 1 Collapse of No.10 column in zone A
pattern in the transverse direction

ANALYSIS

Two step analyses were carried out each of which considered either nonlinear behavior of
subsoils or that of the structure. At first step, in order to appropriately estimate the dynamic
response of the structure during the earthquake, dynamic response analysis of soil-structure
system was conducted using two dimensional finite element method considering nonlinearity of
soil by equivalent linear method. Based on the behavior of the dynamic response, static
nonlinear analysis was conducted to estimate the damage process of the frame. These analyses
were conducted on one story box frame in A zone where damage was the most severe.

Estimation of dynamic response of structure

The analytical code Super-Flush was used. Both horizontal motion and vertical motions
observed in the ground(GL-83.0m) at Port Island were applied as input motion. Dynamic
response analysis was first carried out under the horizontal input motion. Then, using
converged nonlinear characteristics (shear modulus and Poisson's ratio), linear dynamic
response analysis was calculated under both horizontal and vertical input motion.

Soil-structure model is shown in Fig.8. Energy transmitting boundary and viscous
boundary are used along the lateral and base boundaries, respectively. Ground is assumed to be
horizontally layered and the depth of base whose shear wave velocity is 500 m/s is about 40 m.
Material property used in the analysis is also shown in Fig.8. Empirical equation proposed by
Yasuda and Yamaguchi (1985) are used as strain dependent characteristics of shear modulus and
damping ratio of the subsoil except fill. Structure model is shown in Fig.9. Hence, Structural
members are modeled to elastic beam elements considering rigid zone. The rigidity of each
member is evaluated by considered the property of both concrete and reinforced bar. The
member properties are shown in Table.1

Peak acceleration distributions in both horizontal and vertical directions are shown in Fig.
10 at a length of 14.15, 26.15 and 42. 15 meters from the center of structure. Acceleration at the
ground surface is more than 400 cm/s’, which correspond to the JMA seismic mtensxty 7
around this area. Peak relative displacement with depth is shown in Fig.10(b). The maximum
relative displacement between the ceiling slab and base slab is 3.89 cm. This value is almost
50% to the value at that at the length of 42.5 m from the center of the structure.
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Figure 8 Soil-structure system used in the dynamic response analysis.

Table 1 Member properties of the structure
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Figure 9 Structure model

h;thickness, A;Section Area Considering Axial Reinforcment,
A':Effctive Shear Area(A/].2),I;Moment of Inertia of Section.
D:Damping factor,G:Shear Modulus,v;Poisson Ratio

Depth
gi m:] 128 13 154 18 362 1'.’.& S01 1447 lﬁ_h‘_ 169 193 "’J_J
5de5.100 —f-m—'Kunx__ijiqu ;-;,ﬁm:(.mn - '.’ma vl =
= nss = 70
0. == =
e—11. 445 ST === i —
s 7 !
¥ '; _f! 5 1 A ; 3 B T
L - 4] Jida H : Thad 2 ;
: u HE—e
A | 1 [ ]
!]r !; J’ !!
254
] | | !
| 1O O \\
35
= ] | /
404 | = Vertical L
44, 1954 122 2 121 & 121 Lﬁ 147 Lﬂ 0.64 0 0.3 odf| |
a)Maximum Acceleration b)Maximum relative displacement
Figure 10 Maximum response of ground with depth
NAKAMURA

4—3—105




Estimation of damage process

Nonlinear static analysis was carried out. One story box frame is modeled as shown in
Fig. 11. Each member is' modeled into a beam element. Moment resisting joint is employed at
the ends of each member, which is modeled to be a rotational spring. The spring is modeled to
tri-linear model, whose three lines corresponds to the behavior until crack, until yield and from
yield to ultimate stale, respectively. These behavior were calculated based on the total axial force
and dynamic response force. Shear force and axial force obtained by the dynamic response
analysis were applied to the location where it occurred as the external loads. Here, forces when
the bending moment at the center column first exceed the ultimate moment are employed. They
are divided into fifty and applied incrementally. These overburden soil load and static earth
pressure are considered in the initial state.

The relationship between the applied load and the displacement of the ceiling slabs relative
to base slab are shown in Fig. 12. Shear failure of center column occurred when the relative
displacement was 2.89cm, just after the yield. The dynamic response of the relative
displacement exceeds the ultimate relative displacement at shear failure of the center column
maintained to the structure. Therefore, failure mechanism of one story box frame in Zone A is
that ceiling slab failed the lack of the load carrying capacity of center column.

External load

Figure 11 Structure system used in the static non-linear analysis
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Figure 12 The relationship between the applied load and
the displacement of the ceiling slab to base slab
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Restoration Work

Restoration of the station was planned soon after the earthquake. The basic idea for
restoration is as follows:
1) Take off the overburden soil
2) Demolish the structure except the base slab and bottom of the lateral wall that were not
damaged( see Fig.13)
3) Reconstruction the station using the base slab as a structural member

The new design of the station was based on the 'Ad hoc specification on the restoration of
railway facilities against the Hyogoken-Nanbu Earthquake Disaster' compiled by the committee
of the earthquake resistance design of railway facilities, the Ministry of Transport. The
followings are key points for a new design, and the comparison of design criteria between
original and new designs is shown in Table.1.
1)The Largest record at the bedrock that was observed during the Hyogoken-nanbu earthquake
is used in the earthquake resistant design. The earthquake record obtained at GL-83m at Port
Island is identified to satisfy this criteria.

2)Seismic deformation method is used in analyzing the response of structure against horizontal
ground shaking. Vertical component of the ground motion is taken into account as vertical
static inertia force.

3)Structural members are designed based on the limit state design method. They should be
made to have sufficient ductility by designing that shear strength exceeds bending strength.

The relative displacement between the top and bottom slabs are evaluated to be 3.1cm
obtained by the seismic deformation method based on the given spectrum. Here, elastic analysis
was conducted because design for the reconstruction was an urgent issue. Nonlinear analysis
was conducted later in order to confirm the safety of the design. The safety was also confirmed
by the laboratory test; The comparison between the original and new design is shown in Fig.14.
Figure 15 shows the detail of the center of the column. A new center column is composed of
three composite columns. Rectangular steel tube with external width of 450mm was used in
order to carry stress. It was also used as a form in order to reduce the reconstruction duration.

Table 2 Comparison of design criteria between original and new design

Item Original design New design
Design IOrdina.ry load |Allowable stress method Allowable stress method
Method |Earthquake load [Not considered Limit state design
Load Earth pressure |Active pressure (K=0.33) Earth pressure at rest (K=0.5)
Unit weight of|Above the water table: 1.6tf/m> |Above the water table: 1.6tf/m’
soil Below the water table: 2.0 tf/m’ |Below the water table: 2.0 tf/m’
Earthquake Not considered * Lateral pressure due to
displacement of the ground
* Shear stress from overburden
soil.
* Vertical inertia load K,=0.35
Material [Design strength|Center column 240kgf/cm? |Center column  240kgf/cm®
of concrete ___|Others 210kgf/cm’ __ [Others 210kgf/cm’
Reinforcing bar |Round bar (SS41: 6,=24 Deformed bar (SD295: 0,=295
kgf/mm?) N/mm?’)
Analytical method Slope deflection method Deformation method
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Figure 14 Load-displacement relationships of the center column obtained by laboratory test.
A column with cross-section of 40X 40 cm is tested. The new column is 2 times
strong and several times ductile compared with original center column.
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Figure 15 Detail of the new design of the center column
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Rapid restoration was one of the main interest, which requires large space for demolishing
and reconstruction of the structure, underground wall was first made exterior of the station. In
order to satisfy the requirement, soil mixing all method in corporation with ground anchor was
employed. Excavation works could be finished with a duration of about 2 months. Demolition
of this types of large scaled structure in the city area may be also a first experience in Japan. It
may create large vibration and noise. In order to reduce it, middle size breaker was used. In
addition, cooperation of the residence nearby, the demolition work can be done until 10 p.m.
Because of these effort, demolition of the structure could be finished for about 1 month. Photo
1 shows typical demolish process.

The station, with 120m long, was separated into 6 blocks each of which is 20m long at the
time of reconstruction. Reconstruction of the new station was started at the section where
excavation and demolition had finished. The center columns were first constructed, then lateral
walls were made. More than 200 workers were employed in this process. As described, since
the reconstruction work can be done till late at night, reconstruction of the station, which used
400 tons of reinforcing bar and 2450m’ of concrete, could be finished within about 1 month.
All the effort was made for rapid restoration, as mentioned above. As a results, a train could
pass through the station on August 13,1995, Platform and other facilities were made after that.
the new station was opened to use just one year after the earthquake, January 17, 1996.

Conclusion

The Daikai station is the first subway structure that completely collapsed due to the
carthquake. A detailed reconnaissance survey of the damage was made in order to determine the
behavior of the station during the earthquake. Furthermore, the damage mechanism was verified
by the nonlinear analyses. Based on these study , the mechanism of the collapse of the station is
concluded to be as follows:

The B2 floor of the station was subjected to a strong horizontal load from the adjacent
subsoil, which caused deformation of the box frame structure. In zone A where amount of wall
in the transverse direction is small, center columns initially collapsed due to a combination of
bending and shear resulting in the deformation of the box frame. Then, as a result of the relative
displacement between the top and bottom of the columns, additional moment by gravity of the
overburden soil became predominant resulting in the failure of the column. Since the walls in
the transverse direction carry most of the horizontal force in zones B and C, damage to columns
was much smaller compared with that in zone A. Instead, many diagonal cracks appeared on the
walls in the transverse direction, such as walls at both ends of the station and walls in the utility
rooms.

Effort was made for rapid restoration. Passing of a train through the station became
possible for about 7 months after the earthquake. and the new Daikai station opened operation
just 1 year after the earthquake.
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Evluation of Damage Mechanism of Subway Station based on the Difference
Damage between Two Damaged Subway Stations

Susumu Nakamura, Jyunich Ezaki and Iwao Suetomi

The objective of this paper is to indicate the locality of the damage area with respect to center
column and to make clear the damage mechanism based on the difference damage between
Daikai Subway Station and Kosokunagata subway station by use of the two step analysis
proposed by authors. It is found that the damage degree of center column is depend on the
location of the subway station. The reason why the damage at Kosokunagata station is less
than that at Daikai station is found that the shear deformation at Kousokunagata station is

less than that at Daikai station because the stiffness of ground around kousokunagata station

is harder than that around Daikai station.
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Proposal of New Asismic Design Method of Underground Structure based on the Deformation

Characteristics maintained by the Structure

Susumu Nakamura, Jyunich Ezaki and Iwao Suetomi

New seismic design method with respect to underground structure is proposed taking
note of the deformation characteristics maintained by the structure as well as the
superstructure. The major characteristic of this method is to satisfy with the
examination of the section forces by comparison of the dynamic response deformation
characteristics of the structure with the deformation characteristics associated with the
damage mode of each member. This method was applied to evaluate the damage
mechanism of Daikai station, Kousokunagata station and connecting tunnel between
Daikai station and Shinkaich station at KOBE Rapid Transit Railway which was
seriously damaged by HYOGOKEN NANBU earthquake. It is found that this method is

useful.
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Earthquake damage and Seismic Response Analysis of Subway Station and Tunnels during great
Hanshin-Awaji Earthquake

Erdbebenbeschadigung und Analyse des Erdbebenauspruchs von dem U- Bahngeb aude und dem
Tunnelabachnitt wahrend groPes Hanshin-Awaji Erdbebens

TIWATATE
Professor, Department of Civil Engineering, Tokyo Metropolitan University, 1-1 Minamiosawa,Hachiojim
192-03 Japan

T. Domon
Research Associate, Department of Civil Engineering, Tokyo Metropolitan University, 1-1
Minamiosawa,Hachiojim 192-03 Japan

S. NAKAMURA
Dr of Eng., Senior Research Engineer, Engineering Research Institute of Sato Kogyo Co., Ltd., Nihonbashi-
honcho 4-12-20, Chuo-ku ,Tokyo 103, Japan

ABSTRACT: A detailed reconnaissance survey was conducted at the subway station and tunnels. Among
them, Daikai subway station is the first subway structure that completely collapsed due to an earthquake.
A complete collapse occurred at the location of more than half of the center columns, which resulted in
the failure and collapse of the ceiling slab, and settlement of the subsoils over the station by more than 2.5
m at maximum, Many diagonal cracks were also observed on the walls in the transverse direction.
Judging from the damage pattern, a strong horizontal force was imposed on the structure from the
surrounding subsoils. Investigation of the damage mechanism was made through analytical approach by
use of the seismic data. It is concluded that ceiling slab failed by the lack of the load carrying capacity
against shear at center column.

ABSTRAKT: Es wurde eine eingehende Untersuchung der Erdbebenbeschadigung fir das U-
Bahngebaude und den Tunnelabschnitt durchgefuhrt. Es ist bemerkenswert, da} der Daikai-U-Bahnhof
das erste U- Bahngebaude ist, das vollstandig zusammengebrochen ist. Mehr als die Halfte der
Mittles dulen wurden vollkommen zerstort. Als Ergebnis stiirzte die Deckenplatte ein und der Erdboden
uber dem Bahnhof senkte sich um maximal mehr als 2.5m. Die Tunnelwande in Langsrichtung zeigten
viele diagonale Risse. Die Ergebnisse der Analyse der Form der Erdbebenbeschadigung zeigen klar,dab
eine starke horizontale Kraft vom umgebenden Erdboden auf die Strukur einwirkte. Als Ergebnis der
Analyse des Erdbebenanspruchs unter Verwendung von ErdbebenmeBwerten fiir die Untersuchung dieses
Bruchmechanusmus ist geklart worden, daP die unzureichende Scherfestigkeit der Mittleséulen die
Hauptursache fiar das Versagen der Deckenplatte war.
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I.INTRODUCTION

The Hyogoken-nanbu earthquake of January 17,
1995 caused severe damage to various structures.
Among them, damage to the subway was one of
the amazing event, because underground structures
have been considered to be relatively safe from
earthquake effects compared to structures above the
ground, and no significant damage has been
reported so far. Figure 1 shows the location of the
damaged subway and damage patterns. The general
damage pattern is damage to columns. As shown in
Figure.l, the Japan Meteorological Agency seismic
intensity in this area was evaluated to be 7 or more,
which is equivalent to MM seismic intensity scale
of 10 or more. Earthquake resistance design of
underground structures can be reviewed and
evaluated from a study of this damage.

The authors implemented a reconnaissance survey
on the damage to the subway, multipurpose
underground ducts, water tunnels, telephone
tunnels and railway tunnels as the underground
structure group on committee of earthquake
engineering under Japan society of civil
engineering(1996).

The objective of this paper is to describe the
outline of the damage to the Daikai subway station
and tunnels of KOBE Rapid Transit Railway Co.
Ltd and to make clear the damage mechanism
through the analytical approach with the dynamic
response analysis for soil-structure system and
seismic deformation method.

2.0UTLINE OF DAMAGES
2.1 OUTLINE OF STRUCTURE

The Daikai station is located on the Tozai line near
the middle of the Kobe Rapid Transit Railway
Line. Near this station, the subway runs right
under National road No. 28. The Daikai station
construction using the cut-and-cover method was
completed on January 31, 1964 since beginning in
August 1962.

Figures 2 and 3 show a plane and cross-section of
the station. The station is an two story reinforced
concrete underground structure; B2 floor consists
of platforms and rail lines and the B1 floor is a
concourse with a ticket barrier. The thickness of the
overburden soil is about 4.8 m at section 1-1 and
1.9 m at section 2-2.the overburden soil is about
4.3 m at section 1-1 and 1.9 m at section 2-2.

The main part of the B2 floor is a box type frame
structure with columns at the center, measuring 17
m wide and 7.17m high in the outside dimension,
and it is 120 m long in the longitudinal direction.
There are 35 center columns in total along the
longitudinal direction.
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Figure.l Location of damaged subways and
damage patterns.
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The center column is 3.82m high and has cross-
section of 0.4m x 1.0m, and the distance between
columns is 3.5m. The thickness of the ceiling and
base slabs are 0.80 and 0.85m, respectively, and
the thickness of the side walls is 0.7 m above the
platform and 0.85m below the platform. There are
utility rooms (electric facility room and switching
station room) under the concourse, therefore the
walls are heavily loaded in this region.

The frame was designed based on a consideration
of the weight of the overburden soil, lateral earth
pressure, and weight of the frame under ordinary
loading, however the earthquake load was not
taken into account.

2.2 GEOLOGY

The soil profiles by the investigation made after the
earthquake in February, 1995 is shown in Figure.4

-l

L

The depth of the water table was between 6 and 8
meters. Referring to another source (Kobe city,
1980), the depth of the base (SPT-N value > 50)
was deep on the west side and it consists of silty or
clayey surface soil. It becomes shallow toward
east; the depth at the Daikai station site is about 15
m and that at the Shinkaichi station is less than 10
m. In addition, sand becomes more predominant
toward east.

Standard penetration and cone penetration tests
were made near the structure in order to determine
the properties of the fill material. Decomposed
granite soil was used as the fill material. The N

value of the fill is about 10 at all depths except near
the bottom.

2.3 DAMAGE

Figure 5 shows schematic diagrams of the damage

National road no. 28

() Plan and contours of the settlement of the ground surface
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in the longitudinal direction. The ground of the
National road no. 28 for a distance 90 m long and
23 m wide gradually settled up to more than 2.5 m
maximum. The contour lines of the settlement of
the road surface are shown in Figure. 4. Referring
to Figs.2 and 5, the station can be divided into 3
zones in the longitudinal direction along the station
depending on the structural system: zones
composed of columns 1-23, columns 24-29, and
columns 30-35, which are designated zone A, B
and C, respectively, hereafter. Zones A and C are a
one story box frame structure whereas zone B has
utility rooms adjacent to the platform as well as the
B2 floor (concourse).

Damage was the most severe at zone A, in the
Nagata side zone. Almost all of the center columns
completely collapsed and the ceiling slab fell down.
As a result, the original box frame structure
distorted to an M-shaped section as shown in
Figure. 6(a). Typical damage to the center columns
is shown in Photo.1,2.

In zone B, as shown in Figure.6(b), the collapse of
the column occurred in the upper portion and
reinforcing steel buckled into a symmetrical shape
for columns 24 and 25.The upper longitudinal
beam connecting the center columns was bent at a
point between columns 25 and 26. The small
separation of the corner concrete of the center
columns is observed at the mountain side of upper
portion and at sea side of lower portion, in columns
26, 27 and 28. Although the structural system in
zone C was the same as that for zone A, damage
was less in zone C compared with that in zone A.
In the lateral wall, separation of cover concrete was
observed near both the top and bottom haunches.
According to the investigation of the exterior
surface, wide cracks in the longitudinal direction
were observed along the intersection with the
haunch. Under the platform, a significant
separation of cover concrete was observed on the
both side lateral walls.
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Figure.5 Schematic figure indicating the damage of the center pillar. Here,h denotes measured clear
height, circle number denotes column number.
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Figure.6 Scematic figure showing the damage pattern

in the transverse direction
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Photo.1 Collapse of No.10 column in zone A

Photo.2 Collapse of columns in zone C
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3. ANALYSIS

Two kind of analyses were carried out. As first
analysis, dynamic response analysis of soil-
structure system was conducted using two
dimensional finite element method considering
nonlinearity of soil and structure by equivalent
linear method. As the other analysis, static analysis
was conducted using the seismic deformation
method considering the nonlinearity of structure.
Based on these analyses, the damage process of the
Daikai subway station was estimated. These
analyses were conducted on one story box frame in
A zone where damage was the most severe.

3.1 ANALYTICAL PROCEDURE

1)TWO DIMENSIONAL ANALYSIS

The analytical code Super-Flush was used. Both
horizontal motion and vertical motions observed in
the ground(GL-83.0m) at portisland were applied
as input motion. Dynamic response analysis was
first carried out under the horizontal input motion.
Then, using converged nonlinear characteristics
(shear modulus and Poisson's ratio), dynamic
response was calculated by linear analysis under
both horizontal and vertical input motion.

y =19ym?, Vi=I100mfs, v =u.4{1

Soil-structure model is shown in Figure. 12,
Energy transmitting boundary and viscous
boundary are used along the lateral and base
boundaries, respectively. Material property such as
unit weight, initial Poisson's ratio and shear wave
velocity, is also shown in Figure.7. Empirical
equation proposed by Yasuda and Yamaguchi
(1985) are used as strain dependent characteristics
of shear modulus and damping ratio of the subsoil.
Structure model is shown in Figure.8. Hence,
Structural members are modeled to elastic beam
elements considering rigid zone. The rigidity of
each member is evaluated by considered the
property of both concrete and reinforced bar.
Hence, the rigidity of the side wall was reduced to
50% of the initial value considering the

nonlinearity. The member properties are shown in
Table.1.

2)SEISMIC DEFORMATION ANALYSIS

The schematic system of the seismic deformation
method to evaluate the response of structure is
shown in Figure.9. Basically, the frame model
supported by the spring is used in order to take into
account of the soil - structure interaction based on
the proposed method by Japan Railway Research
Institute(1996).

- 92,300 %
y =19ym?, Va=130ms, v =r}.43‘9\ 16,300
y = 1oyml. V.= 130 s, s =0.333 >
/:@y =191m, Ys=140nms, » '-(1.438:#
y =19¢md, V.a=170mis, » =0.493
y =19ym3, Vi=1%0m/s, » =0494
y =19tm?, V.=240mis, » =0.490
=19ym?, Vi=160mjs, v =0493
=19¢m’, Va=160m/s, v =0.496
y =2.0uym?, Vs=330mys, v =0487

y =2.1tm3, V:=500mfs, v =0470

Figure.7 Model of soil structure system

Table.1 Member Properties of Structure System

e Member | ® | AL A 1) er[ilgh: (xGm" v |2
\TS (m) | (m) (m’) (tf/m*) | t/m) (%)

| Cshnel 1 [o.8]0.86[0.72| 0.0487 | 2.40 | 1.27|0.2] 5

3 [ Base | 2 |0.8]0.91[0.76] 0.0583 | 2.40 | 1.27 | 0.2] 5.

o | sice | 3 |0.7]/0.72[0.60] 0.0302 | 2.40 | 1.27 [0.2] 5.

=7/ | Wa | 4 [o0.8[0.88[0.73] 0.0549| 2.40 | 1.27 [0.2] 5.
) | D Center| 5 |0.8]0.84]0.70] 0.0442 | 2.40 | 1.27 | 0.2] 5.

bttt -_é| Pillar | 6 |0.4[0.16[0.13]0.00224] 2.40 | 1.27 [0.2] 5.

Figure.8 Model of Structure System

h;thickness, A;Section Area Considering Axial Reinforcment.
A':Effctive Shear Area(A/1.2).J:Moment of [nertia ot Secrion,
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Figure.9 Analitical Flow with respect to the seismic deformation method

3.2 RESULTS

Peak acceleration distributions in both horizontal
and vertical directions with depth are shown in
Figure.10(a) at a length of 14.15, 26.15 and 42.15
meters from the center of structure. Acceleration at
the ground surface is more than 400 cm/s”, which
correspond to the JMA seismic intensity 7 around
this area. These values is 1.4 times larger than the
value calculated by SHAKE. Furthermore, Peak
relative displacement distribution with depth is
shown in Figure.10(b) at the same location with
Figure.10(a). The relative displacement between
the depth of ceiling slab and that of the base slab at
the structure is less than 4.0 cm. This relative
displacement is almost 50% to that at the length of
42.5 meters from the center of structure. The
relative displacement at the location far from the
structure is good agreement with that calculated by
SHAKE for the seismic deformation method.

As for the structure response, the comparison of
the maximum bending moment Mr distribution
calculated by two dimensional analysis to that
obtained by the seismic deformation method is
shown in Figure.11. Mr at each comer obtained by
the two dimensional analysis is extremely larger
than that obtained by the seismic deformation
method. The difference is caused by that of the
member property model.

4—3—

The comparison of Mr at the corner of each
member to the ultimate bending moment Mu
calculated by the Standard Specification of
Reinforced Concrete (JSCE, 1991) is shown in
Table.2. Hence, the ultimate bending moment of
center pillar was that at the shear failure obtained by
the experimental test. The response value calculated
by the 2-dimensional analysis is extremely larger
than Mu. the 2-dimensional analysis with
equivalent linear method can't evaluate precisely the
dynamic behavior up to the failure of the structure,
because of not considering non-linear material
properties of the members. On the other hand, the
values of Mr at the side wall and the base slab
calculated by the seismic deformation method are
almost the same with Mu, However, the values of
Mr at the center pillar and the ceiling slab exceed
the Mu at those members. Hence, Mr at the ceiling
slab seems to be overestimated because the seismic
coefficient 0.45 for evaluating the vertical load as
the inertia force of the overburden soil based on the
horizontal accelaration by SHAKE is two times
larger than that calculated by the 2-dimensional
analysis. It is supposed that center pillar was
possible to collapse at first just after the bending
moment exceed the ultimate bending moment at the
shear failure because of the lack of the loading
capacity against shear.

131



Depth.m:

. : vy /t 3 :Im I’j [T ll*}m * 07 ,[-m' tﬁ{ l!6=° —13--/' %
5le s %m—Kllus_jE{u_ (G T\ 214 >
SE= =" —%r%w 20
m' = lw\ T _L; 7 E‘
e—11. 45 e ] s A A 042
- — B, = Elf’
I JH : 45 s L I71 2 1.3 & 7
. | 4 ___I ;
24 ] ] : i1
,! II i ;‘ !.’
5 | | : {‘ {
| O
35
104 |7 Ventical L L
14, 145] 12 122 L: 11 Ll —odl as] o osf |
a)Maximum Accelaration b)Maximum relative displacement

Figure.10 Maximum response of ground with depth

2544
s,
05

<
g "

308

-30.3
£

1.8

-251.2

.,‘\.

2595,
935
a ™

'

34

[F
*

Figure.11 Comparison of the Bending Moment Mr
calculated by both procedures. Hence, Mr

calculated by 2-D analysis shown in solid line
is that when the relative displacement of center
pillar between the top and the bottom became

maximum

CONCLUSION

The Daikai station is the first subway structure that
completely collapsed due to the earthquake. A
detailed reconnaissance survey of the damage was
made in order to determine the behavior of the
station during the earthquake. Furthermore, the
damage mechanism has been verified by the
nonlinear analyses. Based on these study , the
mechanism of the collapse of the station is
concluded to be as follows:

The B2 floor of the station was subjected to a
strong horizontal load from the adjacent subsoil,
which caused the shaer deformation of the box
frame structure. In zone A where amount of wall in
the transverse direction is small, center columns
initially collapsed due to a combination of bending
and shear resulting in the shear deformation of the
box frame. Fothermore, as a result of the relative
displacement between the top and bottom of the
columns, additional moment by gravity of the
overburden soil also supposed to be influenced
resulting in the failure of the column.

Table.2 The comparison of the ultimate bending
moment to the maximum response
bending moment

Ul Maximum Response
Al Bending Moment(tm)
Bending Seismi

member Moment| 2-Dimensional Defzi':xﬂl;on

(tm) Analysis Analysis
Center Pillar | 37.0 147.6 47.2
Side | Top 60.8 226.7 63.3
Wall | Bottom | 91.5 259.5 935
Ceiling Slab | 62.0 254.4 80.3
Base Slab 92.5 270.2 87.5
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SURVEY AND RESTORATION OF THE DAIKAI
SUBWAY STATION DAMAGED DURING THE 1995
HYOGOKEN-NANBU EARTHQUAKE

ETUDES ET REPARATION DE LA STA-
TION DE METRO DAIKAI ENDOM-
MAGEE DURANT LE TREMBLEMENT DE
TERRE DE 1995 A HYOGOKEN-NANBU
La station de métro Daikai a été complé-
tement detruite lors du tremblement de
terre de 1995 a Hyogoken-nanbu
(Kobe), qui est le premier exemple oi
des structures souterraines ont été en-
dommagées par un tremblement de
terre.

L'article décrit le résultat de l'étude dé-
taillée des dommages ; plus de la moitié
des piliers se sont complétement effon-
drés, ce qui a entrainé l'affaissement du
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SURBEY AND RESTORATION OF THE
DAIKA!I SUBWAY STATION DAMAGED
DURING THE 1898 HYOGOKENNANBU
EARTHQUAKE

The Daikai subway station was comple-
tely collapsed during the 1995
Hyogoken-nanbu (Kobe) earthquake,
which is the first case that underground
structure was failed due to earthquake.
This report describes the result of the de-
tailed investigation of the damage, ana-
lysis made to clarify the mechanism of
the failure, and restoration works.
Almost all the center columns of the sta-
tion were damaged, more than a half co-
lumns were completely collapsed, which
resulted in the collapse of the ceiling

plafond et des tassements de plus de
2,8 m en surface de la station. De nombreuses fissures
obliques transversales oni pu étre observées sur les pié-
droits. On en conclut que la structure a éié soumise a une
force horizontale importante.

Le mécanisme des dommages a aussi été étudié sur la
base d'une réponse dynamique non linaire. On en
conclut que le plafond a cédé a cause d'une résistance
insuffisante au cisaillement des piliers centraux.

Un planning suivi avec une bonne coopération du voisi-
nage a rendu possible une réparation rapide de la sta-
tion. Il a été possible qu'un train traverse la station 7 mois
apres le tremblement de terre et la station a été réou-
verte apres 5 mois de plus.

slab, and settlement of the subsoils over
the station by more than 2.5 m at maximum. Many diago-
nal cracks were also observed on the walls in the trans-
verse direction. fudging from the damage pattern, a
strong horizontal force was imposed on the structure
from the surrounding subsoils.

Damage mechanism was also investigated based on the
nonlinear dynamic response analysis by FEM and nonli-
near frame analysis. It is concluded that ceiling slab failed
by the lack of the load carrying capacity against shear at
center column.

Effort and fully worked-out plan as well as cooperation of
the residents made rapid restoration of the station pos-
sible. Passing through the station by a train became pos-
sible 7 months after the earthquake, and the station
began to business just one year after the earthquake.

INTRODUCTION

The Hyogoken-nanbu earthquake of *
January 17, 1995 caused severe da-

mage to various structures. Among
these, damage to the subway was =
one of the amazing event, because

" Hyogolso columns damaged

-

v\ Chuo
'\ Ward

Sannomiya st.

|3

underground structures have been
believed to be safe from earthquake
effects, and no significant damage
has been reported so far. Figure I
shows the location of the damaged
subway and damage patterns. The
general damage pattern is damage to
columns. As shown in Fig. 1, the
Japan Meteorological Agency seis-
mic intensity in this area was evalua-
ted to be 7, which is equivalent to MM
selsmic intensity scale of 10 or more.
The Daikai Subway Station was the
most severely damaged structures
among the damage in Fig. 1. Center

/ [Kamisawa st. .
Y Nagata AN '\, lo1 columas dama ed
'\ Ward \ \

Q)
[27 columns damaged}

Kosoku—nagata st.
5 columns damaged

st.=Station

Shin-nagata st. :
8 colum%s damaged = Railway JMA intensity

columns completely collapsed and -=-=== Subway scale > 7
road running above the station set- : 8 —— Road

tled for more than 2.5 m at maximum. Fig. 1- Lor:atmn of damaged subways and damage patterns
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In many design specifications for the
underground line-shaped structures,
earthquake load is not usually consi-
dered in the transverse direction.
The reason is that the underground
structures are supposed to deform
with the ground during an earth-
quake and the apparent unit weight
of the structure is so small compared
with that of the subsoil that inertia
force does not play important role.
Locking at the damage to the Daikai
subway station, however, earth-
quake resistance design of under-
ground structures may be reviewed
and evaluated from a study of this
damage.

In this report, we will describe the
result of the detailed survey on the
damage to the structures, analytical
investigation on the mechanism of
the damage, and restoration works of
the station.

DESIGN AND
CONSTRUCTION OF
DAIKAI STATION

The Daikal station was constructed
right under the National road no. 28
in 1964 using the cut-and-cover me-
thod. Figures 2 and 3 show a plan
and cross-section of the station. The
station is two stories reinforced
concrete underground structure; B2
floor consists of platforms and rail
lines and the Bl floor is a concourse
with a ticket barrier. The thickness of
the overburden soil is about 4.8 m at
section 1-1 and 1.9 m at section 2-2
respectively. The B2 floor is mainly a
box type frame structure with co-
lumns at the center, measuring 17 m
wide and 7.17 m high in the outside
dimensicn, and it is 120 m long in the
longitudinal direction. The center co-
lumn is 3.82m high and has a cross-
section of 0.4 m x 1.0 m, and the dis-
tance between columns is 3.5 m.
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Figure 3 - Typical section of Daikai Station

The frame was designed based on a
consideration of the weight of the
overburden soil, lateral earth pres-
sure, and weight of the frame under
ordinary loading conditions, but the
earthquake load was not taken into

account, which was the normal me-
thod being used at that time of the
design. Round steel bars with diame-
ters from 16 to 25 mm were used as
reinforcing for the walls and slabs,
and 32 mm diameter bars were used
in the center column. A transverse

— 1000 B
60 | 10@86=880 _ 180
Jg
3 o !
o/ \o o/ \ o l §
a a s a a i
._g
Unit:mm

hoop (9 mm diameter) was placed at
every 350 mm in the center column.
Figure 4 shows the reinforcing steel
arrangement of the center column.
The allowable axial force was 4438
kN, which was slightly larger than
design axial force of 4410kN. Two
tests were made after the earthquake
in order to evaluate the strength of

the concrete. A strength of 37240

Figure 4 - Reinforcing steel arrangement
drawings with respect to center column

kN/m* with standard deviation of
2646 kIN/m*® was obtained by Schmidt
hammer tests. Average compression

Mountain

B Shinkaichi

120 000

B2 floor

vj Switching station
room

Sea

{(Unit: mm)

strengths of the 8 cylindrical speci-
mens taken from the center column
was 39690 kN/m?,

GEOLOGICAL SETTING AT
DAIKAI STATION

The soil profiles by the investigation
made after the earthquake in
February, 1995 is shown in Fig. 5.
The depth of the water table was bet-
ween 6 and 8 meters. Referring to
Kobe city (1980), the depth of the
base (SPT-N value > 50) was deep
on the west side and subsoil consists
of silty or clayey surface soil. The

Figure 2 - Plan of Daikai station
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depth becomes shallow toward east;
that at the Daikai station site is about
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Figure 5 - Settlement of the ground surface (numeral in (a)) and soil profile based on the borehole investigation after the earthquake.

15 m and that at the Shinkaichi station
is less than 10 m. In addition, sand
becomes more predominant toward
east,

Standard penetration and cone pe-
netration tests were made near the
structure in order to determine the
properties of the fill material.
Decomposed granite soil was used
as the fill material. Fig. 6 compares
SPT N-values with N value computed
from the cone penetration tests. The
N value of the fill is about 10 at all
depths except near the bottom.
Figure 7 shows strain dependent
characteristics of undisturbed
samples of the fill material obtained
from dynamic deformation tests. The

Boring N° 4 is fill whose SPT-N value is shown in Figure 6

test was made under the isotropic
initial stress states with confining
pressures of 49 and 98kN/m2, and an
anisotropic initial stress state with
principal stresses of 49 and 29.4
kN/m?.

DAMAGE DUE TO
EARTHQUAKE

Figure 8 shows schematic diagrams
of the damage in the longitudinal di-
rection. The ground of the National
road no. 28 for a region 90 m long
and 23 m wide gradually settled up
to more than 2.5 m maximum
(Photo 1), The contour lines of the

settlement of the road surface are
shown in Fig. 5, which was measured
on January 28. Referring to Figs.2
and 8, the station can be divided into
3 zones in the longitudinal direction
along the station depending on the
structural system: zones composed
of columns 1-23, columns 24-29, and
columns 30-35, which are designa-
ted zone A, B and C, respectively,
hereafter. Zones A and C are a one
story box frame structure whereas
zone B has utility rooms adjacent to
the platform as well as the Bl floor
{concourse).

Damage was the most severe at zone
A, in the Nagata side zone. Almost all
of the center columns completely
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Figure § - SPT-N value of fill materials. SPT was
conducted at N° 4 site in Fig. §
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Figure 7 - Strain dependent characteristics of
shear modulus and damping ratio obtained from
dynamic deformalion test on undisturbed
samples, where IC denotes isotropically
consolidated sample, AC denotes uniso-
tropically consolidated sample, and numbers in
the parenthesis are initial effective confining
pressure in kgl/cm’)

collapsed and the ceiling slab fell
down. As a result, the original box
frame structure distorted to an M-
shaped section as shown in Fig. 9(a).
Typical damage to the center co-
lumns is shown in Photos 2 and 3.

Photo | - Settlement of National Road N 28 that runs above the Daikai Station

The ceiling slab kinks and cracks
150 to 250 mm wide appeared in the
longitudinal direction about 2.15 to
2.40 m from the center line of the co-
lumns. In addition, the separation of
cover concrete was observed over
almost the entire area near the
haunch. In zone B, as shown in Fig.
9(b), the collapse of the column oc-
curred in the upper portion and rein-
forcing steel buckled into a symme-
trical shape for columns 24 and 25.
The upper longitudinal beam
connecting the center columns was
bent at a point between columns 25
and 26. The small separation of the
corner concrete of the center co-
lumns is observed at the mountain
side of upper portion and at sea side
of lower portion, in columns 26, 27
and 28. Although the structural sys-
tem in zone C was the same as that
for zone A, damage was less in zone
C compared with that in zone A.
Figure 9(c) shows the damage to co-
lumn 31 where the lower part of the
center column is damaged and cei-
ling slab settled about 5cm.
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In the lateral wall, separation of
cover concrete was observed near
both the top and bottom haunches.
According to the investigation of the
exterior surface, wide cracks in the
longitudinal direction were obser-
ved along the intersection with the
upper haunch in zone A. Under the
platform, a significant separation of
cover concrete was observed on the
both side lateral walls. There are se-
veral walls in the transverse direc-
tion: both ends, electric facility room,
switching station room, etc. Diagonal
cracks typically shown in Fig. 9(d)
and Photo 4 were observed in all the
walls in the transverse direction.

Based on the observation of the da-
mage to these columns and walls, the
mechanism of the damage of the col-
lapsed column in zone A is evaluated
to be as follows: I) Due to strong ho-
rizontal force, the member reaches
its strength under the combination of
bending moment and shear force ac-
ting near the end of the column,
which resulted in collapse of the end

Photo 3 - Coilapse of N° 10 column in Zone A
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Figure 8 - Schematic figure indicating the damage. Here, h denotes measured clear height in m, circled number denotes column number.

Numeral denotes crack width in mm.
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(c) Zone C
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of the column. 2) The load carrying
capacity of the box frame was redu-
ced, and therefore excess relative
horizontal displacement occurred.

ANALYTICAL
INVESTIGATION

Two step analyses were carried out
each of which considered either non-
linear behavior of subsocils or that of
the structure. At first step, in order to
appropriately estimate the dynamic
response of the structure during the
earthquake, dynamic response ana-
lysis of soil-structure system was
conducted using two dimensional fi-
nite element method considering
nonlinearity of soil by equivalent li-
near method. Based on the behavior
of the dynamic response, static nonli-
near analysis was conducted to esti-

Figure 9 - Schematic figure showing the damage pattern in the transverse direction. Larger numeral is clear height
between top slab and platform in m measured after the earthquake, and small numeral is crack width in mm
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mate the damage process of the
frame. These analyses were conduc-
ted on one story box frame in A zone
where damage was the most severe,
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Figure 10 - Soil-structure system used in the dynamic response analysis

DYNAMIC RESPONSE OF
STRUCTURE

The analytical code Super-Flush was
used. Both horizontal motion and
vertical motions observed at KOBE
university were applied as input mo-
tion. Dynamic response analysis was

Photo 4 - Cracks in the transverse wall in electric facility room
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first carried out under the horizontal
input motion. Then, using converged
nonlinear characteristics (shear mo-
dulus and Poisson’s ratio), dynamic
response was calculated by linear
analysis under both horizontal and
vertical input motion.

Soil-structure model used in the first
step analysis is shown in
Fig. 10. Energy transmitting
boundary and viscous
boundary are used along
the lateral and base boun-
daries, respectively.
Ground is assumed to be
horizontally layered and
the depth of base whose
shear wave velocity is 500
m/s is about 40 m. Material

property used in the analysis, such
as unit weight, initial Poisson's ratio
and shear wave velocity, is also
shown in Fig. 10. Empirical equation
proposed by Yasuda and Yamaguchi
(1985) are used as strain dependent
characteristics of shear modulus and
damping ratio of the subsoil except
fill; those shown in Fig. 7 is used for
fill material. Structural members are
modeled to elastic beam elements
considering rigid zone. The rigidity
of each member is evaluated by
considering the property of both
concrete and reinforced bar.

Peak acceleration distributions in
both horizontal and vertical direc-
tions are shown in Fig. 11 at alength
of 14.15, 2615 and 42.15 meters
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Figure 11 - Peak acceleration distributions
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Figure 12 - Bending moment-axial force
relationship at the botlom of the center column

from the center of structure.
Acceleration at the ground surface is
more than 400 cm/s?, which corres-
pond to the JMA seismic intensity 7
around this area. The relationship
between axial force and bending
moment at the bottom of center co-
lumn is shown in Fig. 12. Here, axial
force is the sum of the dynamic res-
ponse value and initial force under
ordinary load condition. In the figure,
the ultimate bending moment under
given axial force is shown as a chai-
ned line. The maximum axial force
(sum of forces under ordinary load
and increment due to earthquake) is
about 1520 kN (13300 kN/m?), which
is high in comparison with the
strength of concrete. The ratic of the
axial stress to the strength of
concrete is about 0.36. Response
bending moment at the bottom of the
center column exceed the ultimate

bending moment twice, at around 5.3
and 8.13 seconds, respectively. The
same tendency is observed at the
response of lateral wall, ceiling and
base slab. The ductility of the center
column is a very small value, 1.3.
The ductility is defined as the ratio of
the rotational angle of member at the
ultimate bending moment to that at
the yield of reinforcing bar with res-
pect to the axial force at 5.3 seconds.
Therefore, center column was pos-
sible to collapse just after the ben-
ding moment exceed the yield ben-
ding moment. Furthermore, the ratio
of the shear strength of center co-
lumn calculated by the Standard
Specification of Reinforced Concrete
(JSCE, 1991) to the converted shear
force from the ultimate bending mo-
ment is less than 1.0. Therefore, cen-
ter column was also possible to col-
lapse under shear.

DAMAGE PROCESS

One story box frame is modeled as
shown in Fig. 13 for the nonlinear
analysis. Each member is modeled
intc a beam element. Moment resis-
ting joint is installed at the ends of
each member, which is modeled to
be a rotational spring. The spring is
modeled to tri-linear model, whose
three lines corresponds to the beha-
vior until crack, until yield and from
yield to ultimate state, respectively.
These behavior were calculated
based on the total axial force and dy-
namic response force. Shear force
and axial force obtained by the dy-
namic response analysis were ap-
plied to the loca-

Extemnal load

tion where it
occurred as the
external loads.

LR

Here, forces when
the bending meo-
ment at the center
column first ex-
ceed the ultimate
moment are em-
ployed. They are

divided into fifty

and applied incre-

Figure 13 - Structure system used in the static nonlinear analysis
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Figure 14 - The relationship between the applied load and the displacement of ceiling relative to base slab
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overburden soil load and static earth
pressure are considered in the initial
state.

The relationship between the ap-
plied load and the displacement of
the ceiling slabs relative to base slab
are shown in Fig. 14. The vertical
axis (sum of the applied forces) is
the normalized by the sum of the
final force. Shear failure of center co-
lumn occurred when the relative dis-
placement was 1.39 cm, just after the
yield. Damages more than crack isn't
recognized to the other members.
After subsequent loading the load,
bending combined with compres-
sion failure occurred right after the
relative displacement and increase
to 1.64 cm where normalized load
was 0.69. Therefore, failure mecha-
nism of one story box frame in Zone
A is that ceiling slab failed the lack of
the load carrying capacity of center
column.

RESTORATION WORKS

Restoration of the station was plan-
ned soon after the earthquake. The
basic idea for restoration is as fol-
lows:

1) Take off the overburden soil

2) Demolish the structure except the
base slab and bottom of the lateral
wall that were not damaged (see Fig.
18).

3) Reconstruct the station using the
base slab as a structural member,

The new design of the station was
based on the "Ad hoc specification
on the design for the restoration of
railway facilities against the Great
Hanshin-Awaji Earthquake Disaster®
compiled by the committee of the
earthquake resistant design of rail-
way facilities, the Ministry of
Transport. The followings are key
points for a new design, and the
comparison of design criteria bet-
ween original and new designs is
shown in Table 1.

I ) The largest earthquake record at
the bedrock that was observed du-
ring the Hyogoken-nanbu earth-
quake is used in the earthquake re-
sistant design. The earthquake
record obtained at GL-83m at Port
Island is identified to satisfy this cri-
teria. The waveform and velocity

{1)The earthquake is named 1996
Hyogoken-nanbu ealthquake. However,
when talking to the damage or disaster
caused by the earthquake, it is named the
Great Hanshin-Awaji  Earthquake
Disaster, where Hanshin and Awaji are
names of area where earthquake damage
was the most severe.
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Demolish, then reconstruct
with more reinforging

Concrete for reinforcing the corner

Demolish, then reconstruct
as composeite column
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Figure 15 - Plan for reconstruction
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vertical static inertia
force.

3) Structural mem-
bers are designed
based on the limit
state design method.
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exceeds bending
strength.

The relative displace-
ment between the top
and bottom slabs are
evaluated to be 3.1
cm based on the
spectrum shown in
Fig. 16(b). Stress dis-
tribution under the
permanent and earth-

1 1
0.1 1
Period (sec)
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quake loading is
shown in Fig. 17.
Here, elastic analysis

Figure 16 - Acceleration record and velocity response specira used for
new design (NS-component al GL-83m record at Port Island)

response spectrum are shown in
Fig. 16.

2) Seismic deformation method is
used in analyzing the response of the
structure against horizontal ground
shaking. Vertical component of the

is conducted because
design for the re-
construction was an
urgent issue. Non-
linear analysis was
conducted later in order to confirm
the safety of the design. The safety
was also confirmed by the labora-
tory test; the comparison between
original and new design is shown in
Fig. 18.

Item Original design New design
load  Earthpressure Active pressure (K=0.33) Earth pressure at rest (K=0.5)

: Unitweightof ~ Above the water table: 1.6t/m? Above the water table: 1.6/m*
soil _ Below the water table: 2.0t/m®  Balow the water table: 2.0 t/m3
Earthquake = Not considered * Lateral pressure due fo

displacement of the ground
¥ » Shear siress from overburden soll -

b _ * Vertical inertia load K,=0.35

.of concrete Others 210kgffem® Others 210kgffem®

' Reinforoing bar  Round bar (SS41:0,~24kgl/men?)
Slope deflection method

Deformed bar (SD295:c,=205NAn)
Deformation method

Table 1 - Comparison of design criteria between original and new design

Figure 19 shows details of the center
column. A new center column is
composed of three composite co-
lumns. Rectangular steel tube with
external width of 450 mm was used
in order to carry shear stress. It was
also used as a form in order to re-
duce the reconstruction duration.

Rapid restoration was one of the
main interest, which requires large
space for demolishing and recons-
truction of the structure, under-
ground wall was first made exterior
of the station. In order to satisfy the
requirement, soil mixing wall me-
thod in corporation with ground
earth ancher was employed,
Excavation works could be finished
with a duration of about 2 months.

Demolition of this types of large sca-
led structure in the city area may be
also a first experience in Japan. It
may create large vibration and
noise. In order to reduce it, middle
size breaker was used. In addition,
cooperation of the residence nearby,
the demolition work can be done
until 10 p.m. Because of these. effort,
demolition of the structure could be
finished for about I month. Photo 5
shows typical demolish process.

The station, with 120 m long, was se-
parated into 6 blocks each of which
is 20 m long at the time of recons-
truction. Reconstruction of the new
station was started at the sections
where excavation and demolition
had finished. The center columns
were first constructed, then lateral
walls were made. More than 200
workers were employed in this pro-
cess. As described, since the re-
construction work can be done till
late at night, reconstruction of the
station, which used 400 tons of rein-
forcing bar and 2450 m® of concrete,
could be finished within about 1
month.

All the effort was made for rapid res-
toration, as described above. As a
result, a train could pass through the
station on August 13, 1995. Platform
and other facilities were made after
that. The new station was opened to
use just one year after the earth-
quake, January 17, 1996,

CONCLUSION

The Daikai station is the first subway
structure that completely collapsed
due to the earthquake. A detailed re-
connaissance survey of the damage
was made in order to grasp the be-
havior of the station during the earth-
quake. Furthermore, the damage
mechanism was verified by the non-
linear analyses. Based on these
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Figure 17 - Stress distribution of the typical section subjected to both permanent and earthquake load
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Figure 19 - Details of the new design of the center column

study, the mechanism of the collapse
of the station is concluded to be as
follows:

The B2 floor of the station was sub-
jected to a strong horizontal load
from the adjacent subsoil which cau-
sed deformation of the box frame
structure. In zone A where amount of
wall in the transverse direction is
small center .columns initially collap-
sed due to a combination of bending
and shear resulting in the deforma-
tion of the box frame. Then, as a re-
sult of the relative displacement bet-
ween the top and bottom of the
columns, additional moment by gra-
vity of the overburden soil became
predominant resulting in the failure

Collapsed frame is seen in the right

of the column. Since the walls in the
transverse direction carry most of
the horizontal force in zones B and C,
damage to columns was much smal-
ler compared with that in zone A.
Instead, many diagonal cracks ap-
peared on the walls in the transverse
direction, such as walls at both ends
of the station and walls in the utility
rooms.

Effort was made for rapid restora-
tion. Passing of a train through the
station became possible for about 7
months after the earthquake and the
new Daikai Station opened business
just 1 year after the quake.
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