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Abstract— In 1995 during Kobe earthquake in japan, the Daikai subway station damaged severely and attracted attention significantly
on seismic behavior of underground structures. Many researchers did simulation and experimental testes to find exact reason for the
failure of the daikai station. In this study we built three-dimensional models to simulate the failure process and investigate the cause of
collapse. There are two models built using ABAQUS software, in the first model we consider nonlinear behavior of concrete using CDP
model and equivalent linear model for soil to capture precise dynamic behavior of soil during excitation to evaluate the station during
seismic motion. We find out column is the most damaged and critical parts in this station to start the collapse. Then in second model
the bearing capacity of the column was investigate and the Axial-moment and shear forces histories was obtained. As a result, the limited
behavior of the column is the main reason to start failure in column and then the whole structure. We did a total examination on how
the daikai station collapsed and the structural weakness of the structure was found to be limited shear capacity of the middle column.
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1. INTRODUCTION
Underground structures are among safest structures during earthquake and until last decade’s no seismic considerations were
considered in design of such structures. The daikai station collapsed during Kobe earthquake in 1995 in japan, it was a strong
earthquake with moment magnitude of 6.9 and last for 20 seconds. The Daikai stations collapse got attention world widely to
investigate its performance and cause of failure during this earthquake. Results of these investigations helps to reconsider
underground structures design letters. The Kobe underground railway built by cut and cover methods and commenced on 1964.
The daikai station which is part of Kobe rapid transit railway, consists two-track line. The main station is a reinforced concrete
structure that has mid-span columns to support the ceilings. According to the reports, the middle columns collapsed in central
parts and the roof dropped onto the station, owing that, 2.5 m settlement induced on ground surface. The daikai station failure
effects on settlements of an area of 20*100 m. and it was the only damage that found in Kobe for underground structures. This
was the first seriously damage that happened in an underground modern structure.
Since 1995 many researchers investigate the daikai station and try to simulate the cause of damages and influence parameters on
its response. In 1996 Yamato et al [1] built a finite element model to realize the main reason of daikai station failure. They used
equivalent linear model for modeling the dynamic behavior of soil and linear elastic model for structure. Their results showed
that the shear force and moment was the reason for destruction of column and then the rest of the central part of the station. In
1997, Samanta [2] showed that the walls and slabs start yielding after column shear failure. In 2000, lwatate [4] using shaking
table tests indicates that, the column failed firstly due to low shaer bearing capacity and after that, the scaled model of station
collapsed. In 2005 Huo et al [8] built a model with similar condition to what Yasuo et al did in 1996, and showed that the stiffness
of structures has an important role in failure on the station during seismic motion. The lower stiffness of the structure, the more
damage induce. And since the daikai station was designed for static loads, its reinforcements was insufficient especially for the
column, and it caused shear failure. These were the base of other studies on the daikai station failure during Kobe earthquake.
After all of these researches lack of a perfect modelling and precise examination of the soil-structure system for the daikai station
can be observe.
In this study, we investigated the reason of the Daikai station collapse precisely, to aim that, two 3D dynamic numerical model
were built to see the main part that started the failure process, and in second model we focus on that part and evaluated its behavior
to find the reason. For increase the accuracy of the models we used two nonlinear complex constitutive model for both soil and
concrete.

2. METHODS
2.1. Daikai Station
The daikai station was built using cut and cover method and constructed in three different sections: The success section, central
section, and subway tunnels section. The central section collapsed during excitation and was located 4.8 m below the surface
ground. It was a two span box shape concrete structure with 17 m width and 7.17 height. The middle columns was rectangular
and spaced 3.5 m in longitudinal direction. More detail of the station [11] can be observed in figure 1.
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Figure 1. (a) Longitudinal damage patterns to the Daikai Station (b) Details of damaged section (unit: m) [11].

2.2. Numerical Model and Parameters

A numerical model has been built using Abaqus software to simulate the damage process of the daikai station’s central part. To
eliminate the impact of the lateral boundary, the width of the site was 200 m with semi-infinite elements in both sides to reduce
the reflected wave effects, and the depth of the model was 40 m.

The discretization of both the soil and the concrete structure is done with C3D8R elements, as shown in Figure 5. Tied interaction
is assumed between the subway station and the soil. The lateral boundaries are taken in the model as semi-infinite boundaries
using CIN3D8 elements. In the model the distance from the structure to the lateral boundary is more than ten times the dimensions
of the structure. The adequacy of the type of boundary and mesh size was verified by running a number of preliminary numerical
tests where the lateral boundaries of the discretization were placed at different distances from the subway structure. The three-
dimensional FEM model of subway station structure established based on Abaqus is shown in figure 2.
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Figure 2. Finite element model for the soil-subway station interaction system

The Kobe wave, which was recorded at Port Island, was adopted as the input earthquake motion. The frequency content of the
Kobe Wave was mainly below 10 Hz, and the dominant frequency ranged from 0.60 to 1.36 Hz based on the results of Fourier
transformation. The accelerations were applied on the bedrock, which was 40 m away from the ground surface level. The ground
motion applied at the bottom of the model is shown in Figure 3. As observed from the figure, the maximum acceleration in the
horizontal direction was 0.4g and lasted for 20 second [12]. The vertical seismic motion has a minor effect on the seismic response
of the subway station and as a result, it can be neglected for seismic analysis [13].

0.4
0.2

0.2

Acceleration (g)

&

0 2 4 6 8 10 12 14 16 18 20
Time (5s)

Figure 3. The input horizontal acceleration

3. MATERIALS
3.1. Concrete Materials
Concrete model CDP is one of the possible constitutive models to predict the behavior of concrete [14]. It describes the constitutive
behavior of concrete by introducing scalar damage variables. Tensile and compressive response of concrete can be characterized
by CDP in Figure 4.
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Figure 4. Behavior of concrete under axial compressive (a) and tension (b) strength [14]

As shown in Figure 4, the unloaded response of concrete specimen seems to be weakened because the elastic stiffness of the
material appears to be damaged or degraded. The degradation of the elastic stiffness on the strain softening branch of the stress-
strain curve is characterized by two damage variables, d: and dc, which can take values from zero to one. Zero represents the
undamaged material where one represents total loss of strength. Ey is the initial (undamaged) elastic stiffness of the material and
el el, gin, gdn are compressive plastic strain, tensile plastic strain, compressive inelastic strain and tensile inelastic strain
respectively. The stress-strain relations under uniaxial tension and compression are taken into account in Eq. (1) and Eq. (2).

o, =(1-d,).E.(¢ &™) @
O, = (1_dc)'EO'(gc _‘c"cﬂ pl) @

Here in this study we used CDP for concrete structure of daikai station to calculate the failure process in the concrete. In table
below the CDP parameters can be seen [15].

Table 1. Parameters used in CDP model for numerical calculations
Density (kg.m) Poisson's ratio | Young's modulus (MPa) | Compressive yield stress (MPa) | Tensile yield stress (MPa)

2500 0.2 3.35E4 39.8 3.4

3.2. Dynamic Behavior of Soil

Study of dynamic properties of soil becomes essential for predicting the behavior of Structure during an earthquake in terms of
earthquake resistant design. Soil properties primarily depend upon level of strain induced under the application of cyclic loading.
At low strain soil behaves linearly whereas it behaves in a nonlinear manner at the higher strain. Laboratory soil tests for dynamic
soil properties developed in the past three decades disclosed that soils change from a linear to nonlinear material as induced shear
strain grows from 107 to 10 and finally reach failures at a strain larger than 10-2.

3.3. Equivalent Linear Model of Soil
Up to the strain level of 10-3, beyond which nonlinear behavior becomes prominent, soil is often simplified as a linear mass. An
approximate analysis is carried out on soil applying "Equivalent Linear Model". A linear model expresses dynamic properties of
soil that are independent of the strain amplitude [28]. It is generally useful for low strain levels. A hysteresis loop of a soil mass
subjected to symmetric cyclic loading is proposed as shown in figure 5.
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Figure 5. Equivalent linear model of soil with secant shear G and Tangent shear modules Gian
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This hysteresis loop can be described in two ways: first, by the actual path of the loop itself, and second, by parameters that
describe its general shape. The two important properties of the shape of a hysteresis loop are its inclination and its width. The
inclination of the loop depends on the stiffness of soil, which can be described at any point during the loading process by the
tangent shear modulus G, that varies throughout the loading, Tangent modulus Gun Varies throughout the cycle of loading, but
its average value over the entire loop can be approximated by the secant shear modulus as,

G, =~ ®)

sec
Y
Where, T and vy are the shear stress and shear strain amplitudes. Thus Gsec describes the general inclination of the hysteresis loop.
The width of the hysteresis loop is related to the loop area which is in fact a measure of energy dissipation that can be conveniently
described by the damping ratio as,

1 A1oop

= — 4
2 Gsecyz @

Where Aioop is the area under the hysteresis loop. The parameters Gsec and & are called equivalent linear soil parameters. As most
commonly used methods of ground response analysis are based on this "Equivalent linear model”, considerable effort has been
made in the characterization of Gse and & for different soil types. Equivalent linear model implies that strain will always returns
to zero after cyclic loading and failure cannot occur. This method hence cannot be used in the problems involving permanent
deformation and failure. In this study we choose linear equivalent model to capture the soil nonlinear dynamic response during
Kobe earthquake. The parameters used in this model [16] can be seen in table 2.

Table 2. Physical properties of soil layers [1]

Soil type depth/m Density/kg m® Vs/m.s*t mo dsurl]sslrl\/lPa mo\cgﬁluunsglll‘\ija
Backfilled 2.20 1.80 188.0 62.03 180.03
Holocene clay 1.00 1.60 199.0 62.03 180.03
Holocene sand 5.80 1.80 183.0 62.03 180.03
Pleistocene clay 1.10 1.80 197.0 68.21 197.76
Pleistocene gravel 2.40 2.10 240.0 118.78 344.37
Pleistocene clay 4.75 1.80 228.0 91.53 265.38
Pleistocene gravel >10 2.10 453.0 430.32 1247.93

Table 3. The nonlinear data of sand and clay [16]

it (%) Igye attenuation coefficient of shear modulus attenuation coefficient of damping
sand clay sand clay
<1E-4 -4.0 1.000 1.000 2.50 0.50
3.16E-4 -35 0.913 0.984 2.50 0.80
1E-3 -3.0 0.761 0.934 2.50 1.70
3.16 E-3 -2.5 0.565 0.826 3.50 3.20
1.00E-2 -2.0 0.400 0.656 4.75 5.60
3.16 E-2 -15 0.261 0.443 6.50 10.0
1E-1 -1.0 0.152 0.246 9.25 15.5
0.316 -0.5 0.076 0.115 13.8 21.0
1.00 0.0 0.037 0.049 20.0 246
3.16 0.5 0.013 0.049 26.0 24.6
>10 1.0 0.004 0.049 29.0 24.6
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4. RESULTS AND DISCUSSION
4.1. Failure Process
After applying the earthquake record to the bottom of the three-dimensional finite element model, the failure results of the station
structure was obtained as shown in Figure 6. Values d;> 0 means the onset of tensile failure in concrete and the value d: = 1 means
complete tensile degradation of concrete.
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Figure 6. Seismic tension damage of the station

Based on the output observations of the numerical model through the excitation, it can be deduced that the destruction of the
station was due to start of the failure of the middle column, and this result is consistent with the observations of the station failure
at the site and the findings of other researchers [1, 2, 3, 13]. The failure of the column was on both sides of the connection of the
column to the slabs. These columns were subjected to axial, bending and shear forces that change with time during the earthquake.
And after the columns, the walls and slab failed onto the station. In many sources, column failures have been reported due to their
low cross-section [24], which will be investigated in the second part of this study.

4.2. Displacement Responses

Horizontal displacement of the station structure (drift) also plays an important role in structural failure mode. Therefore, the
history of horizontal displacement of the floor and ceiling of the station was taken for the right wall (approximately equal to the
displacement of the top and bottom of the column), which can be seen in Figure 7.
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Figure 7. Drift time histories

Based on the suggested elastic interlayer displacement angle for the frame-shear wall reinforced concrete structure in the Chinese
Code of seismic Design of Buildings (Code No. GB50011-2010) [17], the relative displacement between the base and the ceiling
level of the subway station should be 22mm for this structure. As can be seen in figure 7, the maximum drift obtained 23 mm and
happened in 6.6 seconds after the start of the Kobe earthquake excitation. Therefore, the station responded in plastic state as seen
in figure 6.

4.3. Column Analysis

Force analysis of the middle column has been done to determine the mechanism of failure of the columns and for this purpose the
same model was used and only for the structure, wire and shell elements were used as columns, slabs and walls, respectively.
Linear elastic model was also considered for structural elements to evaluate the bearing capacity of the column during the
earthquake history. Thus, the results of this analysis are as follows.
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Station columns are one of the most important structural elements and their main task is mainly to withstand vertical loads .Figure
8 shows the axial-bending capacity curve of the column section and the history of the axial-bending force induced during the
Kobe earthquake .As can be seen, during the earthquake, all points were included in the graph, so the failure of the column was
not due to the intolerance of the bending force and the axial load or the combination of the two.
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Figure 8. Axial and moment force histories of central column

In this section, the induced shear force in the column during the Kobe earthquake is investigated. Also, to determine the allowable
shear strength of the column, the relations (ACI 318M-05) are used as follows [18].

V, =(0.16,/F, +17§).bh0 +f, A; h, ©)

Where V, is shear capacity, A is shear span ratio, f; is concrete tensile strength, fc is concrete compressive strength, b is section
width, ho is section height, fyy is stirrup yield strength, Asy is strirrup area section, s is stirrup spacing, N is axial load, p is
reinforcement ration. From the above relation, the shear capacity of the column is 540 KN. Figure 9 shows the history of induced
shear force in the column during the Kobe earthquake and shows that the column has repeatedly deviated from its shear capacity.
And as shown in Figure 7, the drift or horizontal displacement of the station was beyond the allowable limit, so we can say with
more confidence that the mechanism of column failure was shear type.
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Figure 9. Shear force histories of central column
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As can be seen from the figures above, the shear capacity of the middle column has reached to its maximum and the main cause
of the destruction of the columns has been shear failure mechanism and not the bending or axial forces. After the columns had
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suffered shear damage on both sides and lost their load-bearing capacity, the roof slab and walls cracked due to over loading
horizontal or vertical loading and dropped onto the station.

5. CONCLUSIONS

In this paper, the failure of the daiki station during the Kobe earthquake in Japan was investigated and the mechanism of failure
and the cause of the destruction of the station were described in more detail using dynamic numerical analysis. The soil and
structure system was simulated by a three-dimensional finite element model using Abaqus software 2017 version. Equivalent
linear model was used for soil and non-linear CDP model for concrete. The simulations are consistent with what was observed at
daiki station and according to the results, the column is the first member of the station structure that failed and is the main cause
of the station destruction. In the second model, the bearing capacity of the column during the earthquake was investigated and it
was found that the main cause of the failure of the column was not axial and flexural loadings, but low shear capacity of the
column was the reason for the destruction of the column. This findings is consistent with the shear damage that occurred at the
post-earthquake daiki station’s column. Therefore, the main reason for the destruction of the middle part of the station can be
considered the low shear capacity of the columns.
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