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Seismic design of underground structures in soft ground: A review

K. Kawashima
Tokyo Institute of Technology Japan

ABSTRACT: A review on the seismic behavior and design of underground structures with large sections in

soft ground is desc`ribed with an emphasis on the development of the Seismic Deformation Method, an
equivalent static seismic design method. Seismic isolation of underground structures is also presented.

1. INTRODUCTION

In modern urban areas, underground space has been
used to store a wide range of underground structures.
Most underground structures are essential to human
life, hence they are often called lifeline facilities.
They include pipelines for water, sewage, gas,
electricity and telecommunication; subways;
underground roads; underground storage tanks;
underground rivers; underground parking lots; and
common utility ducts.

The shape and size vary in a wide range. They
may be classified according to their sizes and shapes
into three groups as shown in Fig. 1. First is a
pipeline embedded in ground along the surface.
Most pipelines for utilities are in this group. Second
is an underground structure with a large cross
section along the ground surface. Underground roads
parking lots, subways and common utility ducts are
in this group. Third -is an underground structure deep
in vertical direction. Large trenches and ducts for
ventilation and approaches to tunnels are in this
group. They are generally constructed in soft ground
vulnerable to the seismic disturbance.

Based on the past analyses and measurements, it
has been found that axial deformation is more
dominant than the flexural deformation in the first

type underground structure (pipelines), while the
effect of flexural deformation increases as the size
increases. On the other hand, in addition to the axial

deformation, in-plane deformation along the cross
section becomes important in the second and third
type underground structures.

This paper shows a review on the seismic
performance and seismic design of underground
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Fig. 1 Shapes of Underground Structures

structures with large cross sections in soft subsurface
ground. Seismic performance of utility pipelines
with small sections, rock tunnels and damage
associated with soil liquefaction/lateral spreading is
out of the scope of this review.

2. HISTORY OF TECHNICAL DEVELOPMENTS

It has been pointed out that a certain_ type of an
underground structure is vulnerable to seismic action.
An investigation on the seismic damage of water
pipelines dates back to 1923 in the Kanto earthquake
(for example, Okamoto 1973). Damage
investigations; on pipelines for water, sewage and
gas have since then been conducted in the past
earthquakes. In the 1971 San Fernando earthquake, a
tunnel at Joseph Jensen Filtration Plant suffered
damage (US Department of Commerce 1973). In the
1985 Mexico earthquake, a shield tunnel for sewage



with a diameter of 6.1 m, which was under
constmction, suffered damage at a segment.
Ringbolts between two segments were off set due to
torsion. In the 1995 Hyogo-ken nanbu earthquake,
subways suffered damage at their columns. It may
be considered as the most severe seismic-ground
motion-induced damage ever experienced in large
engineering structures in soft ground.

Compared to structures constructed on the
ground surface, the history of seismic design of
underground structures is shorter. In the 1960s,
investigations on the seismic effectson underground
structures were initiated in Japan and USA in the
need of construction of immersed tunnels. Since the

construction sites were quite soft and weak, it was
required to investigate the seismic effect on the
tunnels. Since computers were not extensively used
for analyses at that time, shaking table tests with use
of scaled models were conducted (for example,
Kuribayashi et al. 1972).

Through such analyses, it has been found that the
underground structures exhibit significantly different
seismic response from the structures on-ground; they
do not fall in the resonance in the ground but
response in accordance with the response of
surrounding soil. There are two major reasons for
that. First, the mass effect is generally small in an
underground structure, because the gross unit weight
of an underground structure is generally 10.5-11
kN/m3 while the unit weight of the surrounding soils
is generally in the range of 14-18 kN/m3. Thus, the
unit weight of an underground structure is less than
that of the surrounding soil. Second, the damping of
an underground structure is very high due to the
radiation of energy from the structure to the
surrounding ground.

The small mass effect and the large radiational
damping make an underground structure to response
in accordance with the response of surrounding
ground without the resonance. Such evidence has
been verified by field measurements. The
Matsushiro swarm earthquake from 1965 to the
1970s provided valuable information based on the
measured records at both pipeline and surrounding
ground. It was found that large strains were induced
in the pipeline and that they were closely related to
the wave propagation of a ground motion (Sakurai et
al. 1967).

BART tube in San Francisco, USA was designed
based on the axial and flexural strain induced in the

tubes (Kuesel 1969). The concept of an equivalent
wavelength was first proposed to idealize the
deformation of the tube. The similar analysis was
used in design of Los Angeles Metro (Monsees and

Merritt 1991)
Such a unique seismic response was first taken

into account in the design of a petroleum pipeline
between Narita International Airport and Chiba Port,
Japan (JRA 1976). Since it was the first pipelines
constructed under a national road in Japan, a precise
design consideration including the seismic effect
was required. Hence, an equivalent static seismic
design method, which considered the seismic
response deformation of ground as a principal
seismic effect to a pipeline, was first introduced.

A 5-year research project 'aiming to the
development of a new seismic design method for
civil engineering structures was conducted ina 1972
1977 in the Ministry of Construction (MOC 1977).
Development of a seismic design method for
underground structures was one of the main targets
of the project. The design method which takes
account of the seismic deformation of ground as a
major seismic effect on an underground structure
was further improved in the project, and was
included in the final report under the name of the
“Seismic Deformation Method.” The Seismic
Deformation Method has then been adopted in
various underground structures such as water
facilities (J`WA 1979 and 1997), sewage facilities
(1981) and gas pipelines (JGA 1982); immersed
tunnels (JSCE 1975, JRA 1977); common utility
ducts (JRA 1986); and underground parking ‘lots
(JRA 1992).

Accumulation of measured data on the seismic

response of underground structures has been
conducted, in particular for pipelines. At Parkfield,
USA, behavior of an embedded pipeline intersected
by surface rupture has been observed (Isenburg
1988). In Sodega-ura, Japan, a measurement has
been conducted at pipes with a diameter of 150 mm
and 300 mm (Kawashima et al, 1992).

3. SEISMIC RESPONSE OF UNDERGROUND
STRUCTURES

3.1 Seismic Deformation of Ground

Fig. 2 shows how an underground structure and a
structure on ground surface behave under a ground
motion. The peak response acceleration of the on
ground structure is 0.77 g and this is larger than the
acceleration of 0.6 g at the ground surface. The peak
response acceleration of an on-ground structure is
quite different from the ground surface acceleration
since it is amplified by the structural response. On
the other hand, the response acceleration of the
underground structure is quite close in both
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Fi g. 2 Acceleration Response of an Underground Structure and an On- ground Structure

frequency content and peak value to the ground
acceleration at the same depth as the underground
structure. This clearly indicates the nature of
response of underground structures. It is important to
accurately evaluate the seismic deformation of
ground, because this directly affects the response of
underground structures.

The ground deformation that critically affects the
response of the underground structure in Fig. 2 is the
shear deformation. It is important to evaluate ground
deformation in more general sense to estimate the
deformation of underground structures. Although
extensive studies have been conducted on the ground
deformation induced in an earthquake, there are still
many unsolved problems. For example, the ground
deformation has been studied using the dense array
records. Assuming a tetrahedron consisting of .4
measuring points as shown in Fig. 3, the ground
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strain in 6 components was analyzed (for example
Okubo et al. 1983) as
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Fig. 4 Computed Ground Strains for A M6.1 Event of September 25, 1980

ia?    ‘fill ilihlliiiillilliifl iiffillifl
ug V3 VV3 H4 V4 w4}T (1)

in which ui, v, and wi = the ground displacements
at i-th measuring point in x, y and z directions,
respectively, and [B] = transformation matrix from
displacements to strains. The ground displacements
were computed from the measured accelerations by
double integration. Careful evaluation for the digital
filtering was required to accurately evaluate the
ground displacements. Fig. 4 shows one of the
examples of the ground strains from a M6.l event of
September 25, 1980. Although the strains are very
small, it is obvious that shear strain on the horizontal

plane 7/xy has the same order of magnitude as the

axial strains in lateral direction Ex and ey. However
the dense array records currently available are small
in number, so accumulation of the dense array
records induced by near-field ground motions is
required.

3.2 Analysis in Transverse Direction

Based on the substructure analysis (for example,
Tabatabaie-R 1982, Wolf 1985), deformation of an
underground structure may be represented as shown
in Fig; 5. Defining an interface forces acting on the

structure from the ground as {-IQ}, the equations
of motion of the ground and the structure can' be
written as

Z( lol } (2,l/fllu/-l

where {u,} = displacements at the interface
between structure and ground (nodes SI);
{uS}=displacements at the rest of the ground and_the

structure (nodes II); [MS] and [M,] = mass
matrices of ss and II nodes; [K_,S], [KS,], [Km]

and [KH] = stiffness matrices for SS, SI, IS and II
nodes, respectively.

If one assumes that the displacements at the
interface are obtained by the free field displacements

{u,1} and the displacements induced by the interface

forces {F,} (refer to Fig. 5), {u,} can be written as

{U]}`:{UH}'l'{ll]2}
Since the interface forces {I§} are given as

{1~?}=l/<l{~12} (4)
in which [lc] = ground impedance, substituting Eq.
(3) into Eq. (4), one obtains

i13l = ’lkli"11 l + lkllull (5)
Substituting Eqi (5), Eq. (2) becomes,

[Mil [01 HtfgSiHtf<S§1 tmlol [M/l iufl [Kal l’fl+lK~l il'/l

‘likiiil 8
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Fig. 5 Idealization of an Underground Structure

by Two Dimensional Finite Element Models
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This is the basic equation used in the Seismic
Deformation Method. The first and the second terms

in the right-hand side represent the forces induced
by the ground displacement (shear force at the
interface and dynamic earth pressure, refer to Eqs.
(38) and (40)) and the inertia force. They act to the
underground structure elastically supported by the
soil springs.

3.3 Analysis in Axial Direction

When an underground structure is idealized as an
elastic beam on an elastic foundation, the
deformation of the beam subjected to a ground
deformation at the foundation in axial and transverse

directions may be represented as

m<92ua(jt,t) +EA 32uu(jc,I)3r' <9x°
= ka{ugu(x,t)- u,(x,f>} (8)

m 32u,(x,t) + EI c94u|(x,t)érz 8x4
= k,{ug,(x,f)- u,(x,f)} (9)

in which m = mass of an underground structure per
unit length; EA and EI = axial rigidity and
flexural rigidity of an underground structure;
ua(x,t) and u,(x,t) = displacements of an
underground structure at x and at time t in
longitudinal and transverse directions, respectively;

uga(x,t) and ug,(x,t) =ground displacements at x
and at time t in longitudinal and transverse
directions, respectively; and ka and kt =stiffnesses
of soil spring in axial and transverse directions,
respectively.

Since the effect of inertia force is limited, Eqs.
(8) and (9) may be written by eliminating the first
term ih the left-hand side as

d2ua(x)
EAT- + kaua (x) = kauga(x) (10)X

4

121% + 1<,v(x> = 1<,ug,(.») (11)X

Eqs. (10) and (Il) are used to determine the
defonnation of an underground structure.

4. DYNAMIC RESPONSE ANALYSIS

4.1 Analysis of In-plane Deformation

Dynamic response analyses have been used to study
the responsetfof various underground structures. In
plane deformation of an underground structure may
be analyzed by a two-dimensional plane strain finite
element model (for example, Lysmer et al. 1975).
Fig. 6 shows a typical idealization of a shield tunnel
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Fig. 7 ldealization of an Underground Structure
by a Spring-Mass Model

embedded in ground. The reinforced concrete
segments were idealized by beam elements in this
idealization Linear and nonlinear flexural
deformation is assumed in the beam element. An

example of the in-plane analysis by the two
dimensional model will be described in 6.

4.2 Analysis of Flexural Deformation

The three dimensional finite element models may
idealize flexural deformation along the longitudinal
axis. However, since an underground structure is
generally much long compared to the thickness of
the subsurface' ground, the number of finite elements
required to idealize the whole subsurface ground
becomes in most cases excessive. Hence, the model

shown in Fig. 7 is often used (Okamoto and Tamura
1973, Tamura et al. 1975), in which an underground
structure is idealized as a beam supported by the
subsurface ground by means of soil springs. The
ground is idealized by a spring-mass model, in
which the stiffness of the spring supporting"a mass is
evaluated so that the natural period of the spring
mass system is equal to the natural period of the
subsurface ground at this section. The stiffness of the
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Fig. 8 Evaluation of Axial and Transverse Stiffness of
Soil Spring

lateral spring connecting between two masses is
evaluated so that it represents the restoring force
between the two sections assuming an' appropriate
mode shape. Nonlinearity of the soil stiffness may
be included in the analysis by the equivalent linear
method.

The stiffness of the soil spring supporting a
tunnel has to be also carefully evaluated. Although

simple procedures based on the subgrade reaction
per unit area have been proposed, they do not take
account of the change of soil properties. Hence,
finite element models as shown in Fig. 8 are used to
evaluate the spring stiffness. After idealizing the
tunnel and the subsurface ground, the forces Pa _and

P} required to cause a unit displacement in axialfand

transverse displacements 5110 and 5l»lf are computed.

The spring stiffnesses are then computed as
ka=P0/5110; k,=B/511, (12)

As an application of the spring-mass model, the
correlation of the computed response with measured
seismic response of an immersed tunnel
(Kawashima 1994) is introduced here. This
immersed tunnel is 1035 m long, consisting of 9
reinforced concrete elements with 115 m long each,
embedded in soft alluvium deposit (refer to Fig. 9).
Flexible joints are provided between the elements to
reduce the seismic axial force and bending moment.
The tunnel was instrumented on the side walls at the

first, second and third elements from left (Points A,
B and C, respectively) as well as in the diluvial
ground 56 m below the surface.

Fig. 10 shows the measured axial and flexural
strains at Points A and B. It was a far-field record
from an M7.0 event of July 23, 1982. Since the
ground motion was available at only one location,
the rigid excitation was assumed. ln analysis, it is
important to evaluate the stiffnesses of the flexible
joints and the soil spring. Because it was known that
the stiffnesses of the joints under small response
were much larger than the values used in the original
design, they were adjusted so that they provided the
closest approximation.

Q!
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Fig. 11 shows the correlation of peak axial forces
and bending moments between the computed and
measured. It is seen from Fig. ll that the axial force
computed using the modified stiffness is close to the
measured value, while the correlation of bending
moment is still poor. The axial force varies _smoothly
along the tunnel axis, while the bending moment is
more affected by the local deformation. Hence, it is
required to predict the response of subsurface
ground more precisely for the improvement of the
bending moment. Obviously, the incoherency of

ground motion at bedrock must be taken into
account for the enhancement of accuracy of the
analytical prediction.

In an underground structure spread extensively
in lateral direction as well as longitudinal direction,
it is not realistic to idealize the structure by a beam.
This is particularly true when the property of
subsurface grdimd varies in not only longitudinal
direction but also transverse direction. In such case,
an idealization of the structure by plate elements as
shown in Fig. 12 may be more realistic.
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4.3 Analysis of Deep Underground Structures

In analyzing a vertically deep underground structure,
three-dimensional and axi-symmetric finite element
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Fig. 13 Acceleration, Displacement, Axial Strain of Main

Reinforcements and Dynamic Earth Pressure

idealizations are generally used. Two-dimensional
idealization also provides sufficiently accurate
results when a structure is sufficiently stiff compared
to the ground. One of the applications of two
dimensional analysis to a ventilation duct for an
electricity transmission tunnel (Kaitsu, et al. 1989,
Ohhi, et al. 1989) is presented here.

The duct is 32 m deep with a rectangular cross
section of 7.95 rn x 11.4 m. It was constnicted by a
deep wall method with a wall thickness of 0.9 m.
The duct was instrumented for the measurement of

displacements, accelerations, earth pressure between
the concrete surface and ground, and axial strains of
main (vertical) reinforcements. A record from an
M6.1 event of July 23, 1982 with an epicentral
distance of 32 km was used in analysis. A two
dimensional finite element model idealized the duct

as well as the ground. The equivalent linear analysis
was conducted.

13 shows the comparison between the
measured and_ computed responses for the
acceleration and displacement of the duct at 1.26 m
from the ground surface, the axial strain of main
reinforcement at 26.66 m from the ground surface

.
G1
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and the dynamic earth pressure (incremental
pressure from the static pressure) at 26.06 m from
the ground surface. Fig. 14 compares the peak axial
stress of main reinforcements and the peak dynamic
earth pressure. It is seen from Figs. 13 and 14 that
the computed responses are in good agreement with
the measured responses.

5. SEISMIC DEFORMATION METHOD

The seismic deformation method has been
developed for various underground structures. It was
first developed for the analysis of a petroleum
pipeline and an immersed tunnel along their axes,
and then it was extended in the analysis of in-plane
(cross section) deformation of an underground
structure with a large cross section (refer to Fig. 2).
Since the application depends on the shape and size
of the facility, the seismic design of common utility
ducts (JRA 1986) and underground parking lots
(IRA 1992) is presented below to show the
applicability of seismic deformation method to the
design of an underground structure in longitudinal
direction and transverse direction, respectively.
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Fi g. 15 ldealization of Seismic Deformation of
Subsurface Ground

5.1 Seismic Design of Common Utility Ducts

Common utility ducts have been constructed in city
areas to store utilities such as water, gas, electricity,
and telecommunication. They are constructed under
roads with a section of 2-4 m high and 4-10 m wide.
They are generally constructed by the ope'n-cut
method by connecting 30 m long reinforced concrete
elements by joints. In addition, ducts are constructed
by the shield tunneling method. For facilitating the
construction of common utility ducts, the Guide
Specifications for Design and Construction were
issued' by the Japan Road Association in 1986. It was
the first mandatory requirement for seismic design
of underground structures in Japan.

In design of an underground structure that is long
in axial direction compared to the section (refer to
Fig. 2), it is important to appropriately idealize the
ground deformation along the structural axis. For
such a purpose, in design of a common utility duct,
the deformation of subsurface ground along the
structural axis is assumed as shown in Fig. 15, in
which ua and u, are the displacements of
subsurface ground relative to the design bedrock in
longitudinal and transverse directions, respectively,
and L is a wave length of the seismic deformation
in the subsurface ground. This is a simple
assumption of the three-dimensional deformation in
subsurface ground presented in Fig. 4.

It is noteworthy here that although it is
sometimes regarded that the deformation in Fig. 15
is a direct result of the lateral propagation of a
seismic wave, it may not be correct understanding.
Deformation _pf the subsurface ground in an
earthquake is induced by various contributions; the
inhomogeneity of soil properties, variation of
thickness of the subsurface ground, and the



incoherency of ground motion at the bedrock.
Therefore, the deformation in Fig. 15 should be
regarded as a result of those contributions. Thus, it
should be noted that the wave length L in Fig. 15 is
not merely the length of a propagating wave, but an
equivalent wave length which provides' a good
approximation for 6 components of seismic ground
strains under the simplified assumption.

Nevertheless, the shortage of measured data in
the ground defomiation, in particular the strains by
near-field ground motions, has been made it difficult
to directly evaluate the wave length L. Hence, it
was assumed in the Guide Specifications as
(Kuribayashi et al. 1974)Li (13)

L1+lQ
where

L1=Vs°Tsl lQ=VsB'TS (14)
in which, VS = averaged shear wave velocity in the

subsurface ground, VSB = shear wave velocity at the

bedrock, and T5 = natural period of the subsurface
ground. Taking the shear strain dependence of the
shear modulus of soil, the natural period of the
subsurface ground is evaluated as

T5 = l.25TG (15)
where

4H

TG 2 Ef (16)i Si
in which VS; = shear wave velocity in the i-th sub

layer and Hi = thickness of the i-th sub-layer.

The design displacement of the subsurface
ground in longitudinal and transverse directions,

ug(x,z)=uga(x,z)=ug,(x,z) in Fig. 15 was then
assumed as

ug(x,z) = uh -cos(%) - sin(?) (17)
where uh (= ua = ut) = displacement at the ground
surface, H = thickness of the subsurface ground
(H = 2Hi), z = depth from the ground surface and
L = design wave length of the ground deformation.
In the homogeneous ground with thick ness H and
a shear wave velocity VS, from the modal response

analysis taking account of the first mode, uh may be
obtained as

2Uh ZTSVTS
TL'

where T5 = natural period of the subsurface ground

and SV = design velocity response spectrum at the
design bedrock.

From Eq. (17), the axial strain £X(x,Z) and
shear strain yU(x,Z) are given as

6 (xsz) = QQ = E 0cos(lZ-Hcosfg)X ’ ax " 2H L
(19)

y (x z) = gig = -y sin(-7E)sin(Z&)Z” ’ az U” 2H L
(20)

where Exo and 7/UH represent the axial strain at
the ground surface and the shear strain at the bottom
of the subsurface ground, respectively, and are given
as

2m¢

Exo = -f (21)
KU

MH = Eg <22>
In Eqs. (21) and (22), uh/H represents the

average shear strain of the ground yum, hence
£x0=27C)/Um, and 733:75/2-‘yZI_a,,. Although
the average shear strain yum, is generally in the
order of (2-5) x 10`3, it was reported that yum, was
over 10° in the 1995 Hyogo-ken nanbu earthquake .

It is interesting to note here the magnitude of
ground strains considered in design in the
assumption of the wave length by Eq. (13). Because
from Eq. (16) the natural period TG is 4H/V3 in
the homogeneous subsurface ground with a constant
shear wave velocity VS, it may be approximated in

Eq. (14) that L1=4H by assuming TS ==_TG.
Similarly, defining Oc E VSB / VS, IQ = aLl.
Substituting these two relations into Eq. (13), the
wave length L becomes

L = 4 ,BH (23)
where

B = 3 <24>
1 + of

At the extreme condition, ,B =1 for VSB = VS,

and B approaches to 2 as VSB increases infinitely.

Substituting Eq. (22) into Eq. (21), one obtains

Qi = /3 <2S>
5x0

Hence, it is important to note that the ground
deformation by Eq. (17) together with the wave
length of Eq. (13) assumes the axial strain and shear
strain ratio shown by Eq. (25).

Assuming a common utility duct as a beam
elastically supported by the subsurface ground as
shown in Fig. 16, the seismic forces developed in the
duct are evaluated by solving Eqs. (10) and (ll)
under this design ground displacement by Eq. (17) as

ICEA

Ph=c,a-cja--2/--dh



boundary condition at the ends of a duct element in
longitudinal, transverse and vertical components,
respectively. The rates of transmission of response

\' ,4 ~= 1 i i”i _
A COS ¢ ‘*5Q) f S U ( L > displacement are provided as~ 4 4%5’¢!:°5¢» 1A ¢ Cta Z  (30)1 ‘wyezwy 1+ Q'0 @¢¢¢V¢4 A ,0,0 0% ‘ HL/1 sin di  _ 1(P Cz: - ` (31)L/cos ¢ , 271'u,. A sin ¢ 1 + lhldA ` 1Diigction 1 A > 1 C _ 1. nA:/\5in¢ . Sin ( _ I) tv _ 2 4u - - E

’gl'2l.|'lSVC|`SC 7 A A LOS ¢ 1 +irection ' V
ur: A cos ¢ _ Sin  _ t) Where rlL ' k k k

Fig. 16 Deformation of Underground Structure in Axial la Z Ei ; if : 4 E; AW' : 4 E (33)
and Transverse Direction under the Deformation of , h VSubsurface Ground presented in Fig. 14 L I “/5 ' L (34)

gf wg1. ` 1(a) Hori on irec ion
(D) Vertical Direction

Fig. 17 Seismic Force

EEA lflh + lflvPv=Cm'Cja'T"'-'T
<m2E1,, 

,Mh=Ct,'Cjt'T'Hh
41951 

Mv=Ctv°Cjv"-f'Uv
in which Ph and PV = axial force induced by the
ground deformation in lateral and vertical directions,
respectively (refer to Fig. 17); Mh and MV =
bending moments in horizontal and vertical planes,
respectively; iih and iiv = displacement of ground
at the depth of an underground structure in
horizontal and vertical directions, respectively,EA =
axial rigidity of a duct; EI), and EIV = flexural
rigidities of a duct in horizontal and vertical planes,
respectively; cm, cn and cw = rates of
transmission of response displacement from the
ground to a duct in longitudinal, transverse and
vertical components, respectively; and cja, cj, and
cjv = modification factors depending on the

in which ka, k, and kv = stiffnesses of soil spring
in longitudinal, transverse and vertical directions,
respectively. The spring stiffnesses may be obtained
from Eq. (12) (refer to Fig. 8).

Axial force and bending moments by Eqs. (26) 
(29), after combined with the sectional forces
induced by the static loads, are used in design.

Similar design procedure has been used in
seismic design of water pipelines (IWA 1979 and
1997) and petroleum pipelines (JRA 1974). The
shield tunnel in the Tokyo-Bay Aqueline (Trans
Tokyo Bay Highway) was designed in this way.
Since the stiffness of a shield tunnel is highly
nonlinear in axial direction, an evaluation of the
equivalent linear stiffness (Shiba et al, 1989) and an
analysis of failure mode by means of the cyclic
loading tests (for example, Kawashima et al. 1990,
Kawashima et al. 1994) were conducted.

5.2 Seismic Design of Underground Parking Lots

Underground parking lots have been constructed
under 'roads in city areas for resolving traffic
congestion. They are generally one or two story with
5-12 m high and 20-40 m wide. Depending on
capacity of vehicles, they are one hundred to several
hundred meters long. For facilitating the
construction of underground parking space, the
Guide Specifications of Design and Construction of
Underground`§Parking Lots were noticed by the
Ministry of Construction in 1992 (IRA, 1992).

In seismic design of underground parking lots,
the dead weight, earth-pressure, hydraulic pressure
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Fig. 18 Shear Stress, Dynamic Earth-pressure and
Inertia Force

and uplift force are considered in addition to the
seismic loads. The loads must be combined so that

the most critical displacement and deformation are
developed. The following seismic loads are
considered:

(a) Inertia force
The inertia force is evaluated as

kh = cz ~cG -cv -kho (35)
where, kk = lateral force coefficient, kho =
standard lateral force coefficient, cz = zone factor,
cG = ground condition factor, and cv =
displacement reduction factor in underground, and is
given as

Cv = 1.0 - 0.015z (36)
in which z is a depth from the ground surface (m).
(b) Design ground displacement

The assumption for the deformation of
subsurface ground presented in Fig.18 is used here.
By eliminating the deformation along the structural
axis, Eqs. (17) and (18) provide

2

ug,(z) = ?.S`V -TS - cos(%) (37)
(c) Design shear stress at the interface

At the surface of a structure contacting with
ground, shear force acts as shown in Fig. 18. It is
given as

GD _ 712=-S ~T - _ 38
1(2) HH V S Sm(2Hj ( )

in which GD = shear modulus of the subsurface
ground. Shear stress on the top floor, base and side
walls are thus evaluated as

TU ='r(zU); TB ='r(zB); rg =1/2-(IU +'rB) (39)
If the above design shear stresses are larger than

the soil strength, the design shear stresses around the
surface should be the soil strength.
(d) Dynamic earth pressure

On the side walls, the dynamic earth pressure
acts as shown in Fig. 18.

17(1) = kh `{‘tgz(Z) _ "gr(ZB)i (40)

in which kh = stiffness of soil spring, ug,(z) =
design displacement at depth z (Eq. (37)), and Z3
= depth of the base slab.

After combining the sectional forces developed
by the above seismic forces with those by the static
loads, the sectional forces induced in a structure are
evaluated for design.

6. DAMAGE OF UNDERGROUND
STRUCTURES IN THE 1995 HYOGO-KEN
NANBU EARTHQUAKE

The impact of the 1995 Hyogo-ken nanbu
earthquake on the seismic performance of
underground structures was significant since the
extensive damage occurred in several subways as
well as other utility facilities. This was the first
experience that engineering structures with large
cross sections suffered extensive damage due to the
direct effect of ground shaking.

Fig. 19 shows the locations where damage
occurred in the subways (Matsuda et al. 1996,
Nishimura and Ichikawa 1996). Typical damage
occurred Kamisawa Station as shown in Fig.~,20
(Matsuda et al. 1996, Nishimura and Ichikawa 1996,
An and Maekawa 1998). The station was 16.68
wide and 13.3 m high, and it was supported by
center columns at every 5 m. The depth of
overburden soil was about 4.2 m and it settled as

much as 3 m according to the failure of the center
columns as shown in Fig. 21. The center columns
had a section of 0.7 m x 1.4 m and 4.15 m high.

In the original design of the station, only the
weight of the overburden soil and the lateral earth
pressure in addition to the dead weight of the station
were taken into account by eliminating the seismic
effect. It was the practice of design of subways at
that time. Under these loads, a center column was
subjected to an axial force of 8,740 KN, resulting in
a compression stress of 9 MPa, 38 % of the design
strength of the concrete (23.5 MPa).

The center columns were reinforced by 64 32
mm deformed bars. 9-mm round bars were used for

the hoop at every 125 mm at the top and bottom of
the columns and 250 mm at the center. Hence, the

axial reinforcement ratio p, was 5.08 % while the

tie reinforcement ratio (volumetric ratio) ps was
only 0.23 % at the center of the columns. According
to the standard moment vs. curvature analysis of
highway bridges (IRA 1996), the shear strength per
center column was only 540 kN while the flexural
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strength was 5125 lQNm/4.15 m = 1,235 kN. Hence,
it is estimated that the center columns fail in shear,

and this corresponds to the failure mechanism in Fig.
21.

A two-dimensional finite element analysis was
conducted (Matsuda et al 1996). It was found from
the analysis that peak lateral displacement between
the top slab and base slab was about 30 mm as
shown in Fig. 22, which was capable to develop the

15

Fi g. 21 Failure of a Center Column
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Surrounding Subsurface Ground (Matsuda et al. 1996)

Column IO

Fig. 23 Failure of Daikai Station (Nakamura et al. 1996)

shear failure at the center columns.

An extensive damagea
Station, Tozai line of the Kobe Rapid Transit Line

lso occurred at Daikai

(Yoshida & Nakamura 1996). The station,
completed in 1964, was constructed by the cut-and
cover method as shown in Fig. 23. The depth of

out 4.8 m. The main part of
the station was a box type frame structure, and it was
su orted by center columns at every 3.5 m. ThePP

station was I7 m wide and 7.17 m high. The center
columns were 3.82 m high and had a cross section of

overburden soil was ab

0.4 m x 1_0 ni.

In the earthquake, 35 center columns suffered

damage as shown in Fig. 24, resulting in the failure_ _ . . hof the station as shown in Fig. 23. This caused t e
settlement of the road on the station as deep as 2.5
lTl.

7. SEISMIC ISOLATION OF UNDERGROUND
STRUCTURES

In an underground structure in which the seismic
deformation of g
there may be two ways in reducing the seismic force.
First, it is known that if the stiffness of the

underground structure decreases, the seismic force_ _ _ b 3decreases. The use of a flexible joint may e
typical example. Flexible joints have been
effectively used in pipelines, immersed tunnels and

on utility ducts Various flexible joints,comm . _
consisting of bended steel plates and rubber, are-~ (foravailable for a large underground structure
example, Kiyomiya et al 1999). It has been noted

round is a major seismic effect,

Fig. 24 Failure of a Center Column
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(b) Isolation for a Ventilation Tower

Fig. 25 Seismic Isolation of Underground Structures
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Fig. 26 Effect of Seismic Isolation for a Shield Tunnel

Which Crosses a Boundary Where Soil Stiffness Changes

that the flexible joints should be stable to pull-out by
providing a stopper. Even in a shield tunnel, a
special flexible segment has been used to reduce the
axial and flexural stiffnesses_ Second, if an
underground structure is isolated from the
surrounding ground by providing a soft layer
between the underground structure and the
surrounding ground, the direct transmission of the

‘I7

seismic deformation from the ground to the
underground structure may be mitigated, which, in
turn, reduces the seismic force in the underground
structure. Fig. 25 shows the concept of such
isolation (Kawashima 1994).

Effectiveness of this concept was analyzed for a
shield tunnel, with a diameter of 10 m that intersects

a boundary between soft ground and moderate
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Fig. 28 Isolation of a Common Utility Duct

(Ministry of Construction)

ground as shown in Fig. 26. The shear wave velocity
was 50 m /s and 150 m/s in the soft and moderate

ground, respectively. A 200-mm-thick elastic
material with, the elastic modulus of 196 kN/m2 was

provided around the tunnel. Since the elastic
modulus of the stiffer soil was 127,400 kN/mz, the
elastic modulus of the isolation material was less
than that of the stiffer soil by a factor of 1.5 x 10'3. It
should be noted that the isolation effect depends on
not only the thickness and elastic modulus of the
isolation material but also the elastic modulus of the

subsurface ground and the stiffness of an
underground. Fig. 26 (b) and (c) shows how the
bending moment and axial force reduce in
accordance with the isolation. The isolation effect

increases as the length of the isolated zone along the
tunnel axis increases, with saturation at a certain
length; 40 m in bending moment and 100 m in axial
force in this example. Hence, the bending moment
and axial force computed assuming the isolated zone
of 40 m and 100 m, respectively, are presented in
Fig. 26. The axial force, which is generally
predominant in seismic design of a shield tunnel,
decreases by 30 % from 127,400 kN to 88,200

Fig. 27 shown an effect of seismic isolation for a
90-m-deep reinforced concrete trench. An isolation
layer with 200 mm thick and 20 m long was

provided around the trench. The same isolation
material used for the previous example was assumed
here. As shown in Fig. 27 (b), the bending moment
reduced as much as 25 % by the seismic isolation.

In the seismic isolation, it is important to use an
appropriate isolation material. It must be stable for
long-term use, and has to be stable to settlement.
The length of the isolated zone has to be properly
selected so that the creep-induced displacement of
the isolated structure can be avoided. Various
materials were tested, and the silicone, urethane
resin and asphalt were proposed based on a joint
research program between the Public Works research
Institute and 17 private companies (Unjoh et al.
1998a, Unjoh et al. l998b).

Based on the result ofjoint research, an isolated
common utility duct is being constructed by the
shielditunneling method in Nagoya by the Ministry
of Construction. The tunnel has a diameter of 5.05 m,
and a silicon isolation layer with 200 mm thick was
provided between the duct and the ground in a zone



of about 10 m from the ventilation tower as shown
in Fig. 28. It should be noted that the tunnel was also
isolated from the ventilation tower with the same
material so that the torsional moment induced by the
oscillation of the ventilation tower in addition to the
axial force and bending moment reduced.

8. CONCLUDING REMARKS

An effective use of underground space is inevitable
to improve the quality of life in an urban area.
Although it has been sregarded that under seismic
loading, underground structures are safer than on
ground structures, the experience of the 1995
Hyogo-ken nanbu earthquake revealed the fact that
an underground structure with a large section has to
be carefully designed for the seismic effect.

An underground structure exhibits a unique
structural response. It does not come into the
resonance in the surrounding ground, but responds in
accordance with the seismic response of the
surrounding ground. Since the seismic force in an
underground structure with a large cross section
depends on the seismic ground deformation, the
characteristics of ground deformation induced by
near-field ground motions need to be clarified in
improving the seismic design of underground
structures.
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