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Researches and investigations on earthquake resistance of éubmerged
tunnels have been conducted since 1968 in Public Works Research Institute,
Ministry of Construction. Public Works Research Institute entrusted making
earthquake resistant design specifications of submerged tunnels to Japan
Soceity of Civil Engineers in 1971. In response to the entrust, a subcom-
mittee on earthquake resistant design of submerged tunnels was organized in
Japan Soceity of Civil Engineers in 1971, and.through surveys and studies
of the available research works for earthquakes, earthquake ground motions,
dynamic characteristics of submerged tunnels in subsurface ground, Specifi-
cations for Earthquake Resistant Design of Submerged Tunnels (Vergion of
1975) was completed in 1975. _

The present publication presents first the summary of eafthquake re-
sistant design calculations of submerged tunnel prescribed in the specifi-
cations. Then, a numerical example to assist in the interpretation of
specifications is presented for the proposed Tokyo Bay Crossing Highway

Tunnel.

Eiichi Kuribayashi

Chief., BEarthquake Engineering

Section
Kazuhiko Kawashima

Research Engineer, Earthquake

Engineering Section



Table of Content

FOREWARD i
LIST OF TABLES A
LIST OF FIGURES vi
1. EARTHQUAKE RESISTANT DESIGN 1
1. General _ 1
2. Basic Principles for Earthquake Resistant Design 1
%, Loads and Conditions in Earthquake Resistant Design 3
Z.1 General ‘ >
3.2 Ground Displacement during Earthquakes 4
%.3 Inertia Forces 4
3.4 Farth Pressures in Earthquakes 5
3.5 Hydrodynamic Pressures in Earthquakes 5

3.6 Soil Iayers Where Shear Strength is Neglected in Earth-
| quake Resistant Design ' o - 6
i, Design Earthquake Ground Motions 6
4.1 General ' . 6
4.2 Design Earthquake Ground Motion 7
4.2.1 Ground Displacement in Barthquake Resistant Disign 7

4. 2.2 Bedrock Accelerations on Earthquake Resistant

Design 8 N . 10

4.2.3 Design Seismic Coefficient in Seismic Coefficient
Method : - 10
5. Earthquake Resistant<Design of Submerged Structures 13
5.1 General o | 13
5.2 Seismic Deformation Method 15
5.% Seismic Coefficient Method 15
6. Earthquake Resistant Design of Ventilation Towers . - 15
6.1 General _ 15
6.2 Earthquake Resistant Design of Ventilation Towers 16
7. Earthquake Resistant Design of Approaches . 16
7.1 General 16
7.2 Earthquake Resistant Design of Approaches 16
8. Stability of Subsoils 16
8.1 General _ 16
8.2 Stability Analysis of Subsoils 18
8.3 Stability of Soil Fills for Submerged Structures 18

- iii -



9.

10.

Allowable Stresses

9.1 _General

9.2 Allowable Stresses of Concrete

9.3 Allowable Stresses of Steel

9.4 Increase in the Allowable Stresses in Earthquake
- Resistant Design

Details of Farthquake Resistant Design

10.1wGéu¢raiv

10.2 Structural Joints

10.3 Pile Foundgtion'r

10.4 Ventilation Tower

IT. NUMERICAL EXAMPLE

1.

2

Introduction .. .. . ..

Stability Qf Sufruunding éround

2.1 Seismic Coefficient Method

2.2 Dynamic Consideration.

Stability of Submerged Structure

5.1 Stability Agalnst.Buoyancy

3.2 Examination of Sliding ) _

Earthquake Re51stant Ana1y51s in the Longltudlnal Direction

4.1 Design Conditions o

4. 2 Sectional Forces Calculated by the Selsmlc Deformatlon
Method

4.}_Earthquake Response Analysis

Earthquake Resistant Analysis of Cross Section

Reference

Appendix © -Dynamic Behavior of A Subsurface Tubular Structure

- iv -

18
18
19

21
22
22
22
23
23
2k
2k

-2k

24
26

o

27
28
29
29

30
31
31

36
33

.l




[

Table-"]

Important Factor
Table-2 Ground Condition'Factor~ws - =
Table-3 Limit of Increase in‘Allowable-Stresses' ™ =™
Table-4  Sectional Cofistants Used in Analysis of ‘Séctional " 7%
it L Pordés in-Earthquakes ™ T
Table-5 Soil Properties
Table-6  Earthquake Ground Motions

LIST. OF TABLES

Table-A-1 Four Earthquake Waves and Average Response Spectrum - -

Table-A-2 Sectional Forces of Submerged Tunnel :

Table<A-3 Sedtional Forces of Submerged Tunnel

(maximum base rock accelerations dre normalized to be "

Ce et _;:;—‘Q]SO'ga(IS) '

3 : 1 PN )
R U TR - i -~
- (A" i
i S 1y 4 ' ' r
Sgr
i
e
ot i
O e
e
- s
e ) =z - -

- Vi —-

12
21

29
30
3h
47
48

L8




-

Fig.-

o

Fig.-

Fig.- 3

Fig.- &
Fig.- 5.
Fig.- 6
Fig.- 7
Fig.-. 8
Fig.- 9
Fig.-10
Fig.-11

Fig.-12
Fig.-13
Fig.-1k
Fig. A-1
Fig. A-2
Fig. A-3
Fig. A-L
Fig. A-5

Fig. A-6

Fig. A-7

LIST OF FIGURES

Flow Chart for Seismic Design

Design Ground Displacement

Response Velocity Per Unit Acceleration

(after Public Works Reseach Institute, Ministry of
Construction)

Model of Ground

Seismic Zoning MAP

Factor B

Flow chart for Determination of Stability of Soils
Proposed Tokyo bay Crossing Highway

Distribution of Shear Siress induced in Surface Ground
Resistance for Buoyancy

Examination to Sliding of Submerge Tunnel in Transverse
Divection

Distribution of Sectional Forces by Seismic Deformatiqn
Analysis and Earthquake Response Analysis

Distribution of Sectional Forces by Earthquake Response
Analysis Using four Different Earthquake Waves

Reinforcement of Tunnel Section

Shear Deformation System of Subsurface Ground

Normalized Velocity Response Value Sv

Combination of Waves

Coefficient of Résponse Acceleration Per Unit Accelera-
tion, B

Distribution of Sectional Forces by Seismic Deformation
Analysis and Earthquake Response Analysis

Distribution of Sectional Forces by Earthquake Response
Analysis Using Four Different Earthquake Waves

Misplacement Amplification Factor at the Ground Surface

- Vi -

11
13
17
25

28

28

32

35

35
4o

b9

50

50

51

52
53

n




I. EARTHQUAKE RESISTANT DESIGN
1. General . -

In making earthquake resistant design for submerged tunnels, stability
of the tunnel shall be checked by the seismic coefficient method and the
seismic deformation method for the'in&iridual parts of the tunnel and by
the dynamic analysis for the total structural system including effects ex-
ercised by topography and.geology at. proposed tunnel sites.

Further, it is neoessary.to ensﬁre safety of the tunnels by establish-
ing safety equipments which are necessary for the tunnel in earthquakes and
by executing preserving operation aﬂd preserving inspection of the tunnel.

An example of the above-mentioned system of earthquake resistant de-
sign is shown in & form of a flow chart in'Fig. 1. 1In this figure; the
term "planninhg conditions" means traffic utilization conditions and the con-
ditions of traffic lane composition and of the approximate route.. The term
"design’ooﬁditions" means the conditions of earthquakes, the ground and the
tunnel whlch are related ‘to the structural design, but does not include
numerlcal values such as dlmenslons which are necessary for design calcula-
tions. The term "de31gn data' means numerlcal values such as dimensions
which are necessary for the design and are to be determlned by the design
condltlons.

2. Ba51c Pr1nc1ples for: Earthquake Re51stant Design

Thls'sectlon indicates a basic pr1n01ple for the earthquake resistant
design of submerged tunnels. As mentioned in "1. General," the submerged
tunnel 1s a structure subjected to various kinds of special conditions, and
its design requlres partlcular consideration for earthquake resistance as
follows: - ‘

(1) 'In selecting routes and determining lengths of the tunnel and
positions of its ventilation towers at design stage, it is recom-
mendable to oarry out thorough examinations of the topography and
geology of the sites as well as the overall structural system and
to avoid extremely soft ground, an area that is liable to cause
ground fallure such as landslides, and portlons where discontinu-
1t1es in. topography and geology exist. It is also recommended
to avoid discontinuities in the structure itself.

(2) In makiﬁg,earthQuake resistant design of the submerged structure,
consideration shall be given to either the displacement of ground
or the design seismic coefficient in earthquakes; and in case of

the ventilation toﬁer and other appurtenant structures, consider-
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(3)

C)]

ation shall be given to the design seismic- coefficient. In addi-

tion to the designs of the above-mentioned parts.of the tunnel,

~it.is also ﬁecessary to make design and examination of the total

structural system based on its dynamic analysis. .
In designing the portions which: have considerable structual dis-

continuities such as joints between elements and joints between

- the. tunnel and the ventilation towers (or approachs), examination

shall be given in respect of influences and effects on earthquake
resistance, particularly for their waterproofing abilities before
and after earthquakes caused by the joints.

To ensure seismic safety of the. submerged tunnel, provisions shall
be made for preservation and countermeasures in earthquakes -- in
addition to structural design -- and consideration shall be given
both to méchinery and electrical equipments necessary for the
preservation and countermeasures and to control systems for prop-

erly operating such machinery and equipments.

3. loads and Conditions in Earthquake Resistant Design

3.1 General

&)

In making an earthquake resistant design, the following loadings
in addition to the effects of earthquakes shall be taken into .con-
sideration. The kinds of loads to be employed shall be selected

. properly.
ca) Dead loads

b) . FEarth pressures

¢) Hydrostatic¢ pressures
d) - Buoyance or uplifts
e) Live loads

f) Effects of consolidations and settlements of subsoils

ig) Effects of temperature chage

()

: h) ~ Effect of shrinkage of concrete due to humidity

i) _'Othér'lqads (tsunami, wave force, sunken ship and forsaken

anchor),

‘For theiéffééts of earthquakes, consider the following:

a) Displacements of subsoils or structures in earthquakes

b) :Ine}tia forces arising from the dead weight of structure

“e) ‘Earth pressures. in earthquakes

d) Hydrodynamic pressures in earthquakes

AR




- 1% (3) Combination of loads -

. 2 For cofibining’ Toadings in earthquakss, considér the loads in Items a)
to &) of (1) i general and consider also Items h) and i) depending upon
the condition.,  -%& &7 ni ; :

3,2 Ground’ Displacement during Earthquakes
=2, (1) The: displacement. of the:ground surface where the submerged struc-
©. gure-is burried shall be determined in accordance with the proﬁi—

- sionis in Mh4s2.1 Ground Displacement in Earthquake Resistant De-
sign." ~The ground displacement to-be employed in the design of
the submerged structure shall be the ground displacement at the

“level of -the longitudinal axis of the submerged’ structure.

- (2) Planes where the displacement of ground occurs shall be horizontal

¢ and’ vertical planes which include the 1ogiﬁudinal»axis of the sub-
‘mergéd Structure. '

© ' There:is ‘noé neéd of treating the submerged structure as being excited
by the ground and causing resonancé with it is earthquakes.  The tunnel
moves according to the motion of the ground.. Therefore, if it is possible
to determine the deformed state of the natural ground in earthquakes, the
tunnel can-be- ‘treated asa rod wnich-is connected- to the ground by means of
springs. -The' term "Wlongitudinal axis" of the submerged structure means the
céntral ‘line im the lidight and the width of ‘the’ element.

When the submerged tunnel is buried shallow near the ground surface,
the bottom plane of the tunnel is positioned at a depth of :several to ten
meters from the ground surface. Therefore, the displacement of the ground
at each position of the tunnel differs from that on the ground surface. In
this section, it is stipulated that displacement at the position of the
longitudinal axis may be employed (refer to Fig. 2).

In ‘géne¥al, it is desirable that- :
DISPIACEMANT OF

planes where displacement of the ground - : cee »/GROUND SURFACE
occurs shall be all the planes that T VA
include’ the 'point ‘under consideration, - S /7, )
but in the design of the submerged tun- ﬁ‘

svesoiLs Wz

nel, they are stipulated to be horizon-

DESIGN

. . S DISPLACE—
tal and vertical planes: MENT OF
. e - SUBMERGED
3.3 Inertia Forces’ TUNNEL

(1) 1Inertia forces due to earth- “
quakes can beé obtained by

mutiplying the dead weight of

S T

BEDROCK

Fig. 2 Design

Ground Displacement

Er




Structure and soil mass..by the design seismic coefficient which
is stipulated in "4.2.3 Design Seismic Coefficient in Seismic Co-~
efficient Method.' ..., -

(2) The position on which inertia forces act shall be the.-position

of.the center of: gravity of .the dead weight, -and.the:direction of
.- the inertia forces shall, in principle, be two-horizontal: direc-.
tions and one vertical direction. s S

Designs which are made by using inertia forces .include the stability
calculation of the sliding of ground, design of ventilation:.tower, design
of approach and design of appurtenant installation.. Beside :the above, it
is allowed in these Specifications that the cross section’of -the. submerged
structure can be designed:by.using inetrtia.forces.-

Since appurtenant.facilities -installed. inside. the ;tunnel. and the ven-
tilation tower are-liable to: have large inertia forces; it ;srngpe§sary to
increase the design: seismic coefficient which is stipulated:din 4. 2. 3 .
Deismic Seismic. Coefficient in Seismic Coefficient Method!...In .such: a case,
the extra factor:shall be determined according to eachusi;uation;with an.
upper limit of two times, and more -or less two.times shall:be..adopted.:. In
case of the tunnel which. is ' used for vehicle traffic,: no inertia .forces: .:
arising from: the weight of-live loads requires.to be.considered.. .: :

The- "two horizontal directions' mean, in ordinary- cases,.the.axial..:
direction- and .the direction perpendicular to the axis.

3.4 Earth Pressures in: Earthquakes - : . T v hemiemo ool g

(1) Horizontal earth pressures in earthquakes shall. be determined by

;= -~ Mononobe and Okabe's earth pressure formula. ;. «: =43 il

(2) - Overburden pressures on the upper plane of:thegsubmergedntunnely

- shall be dtermined by multiplying the weight -of: overburden:soils

by (1 % kv)j,wherevkv is the -vertical design seismic: coefficient.

3.5 Hydrodynamic Pressures in Earthquakes PSSR ERRDENEE
(1). ‘Hydrodynamic pressures in. earthquakes which .are applied: to. walls
: :shall. be determined in accordance with provisions. in. Revised
- Design: Standard of Dam.(Japan National Commitﬁee»oanarge’Dams,
1970w v 5t i temnd

(2) Hydrodynamic pressures in earthquakes which :are applied..to columns

shall be determined in accordance -with provisions in :Specifica-
“-tions :for. Farthquake Resistant. Design .of:-Honshu-Shikoku Bridges
- {Japan: Society -of Civil Engineers,..1967).

The hydrodynamic pressures. during. earthquakes shall be taken into

-5 -
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consideration in the”desigh when the ventilation towers are con-
" : structed in' the water. ‘ '
3.6 Soil Layers where Shear Strength is Neglected in Earthquake Resistant
Design - : ‘ '

In earthquake resistant analyses of ventilation towers and other struc-
tures, the shear strength of soil layers stipulated in Items (1) and (2)
below shall be neglected.

(1)  Sandy soil Layer

The sandy soil layer which has been judged to be liable to
cause liquefaction. . ’

(2)  Soft Cohesive Soil Layer and Silty Soil Layer

The soft cohesive soil layer which has been judged to. be liable
to cause sudden. changed in properties in earthquakes.

In general, submerged tunnel is often constructed in the soft soil
layer.. Therefore, if the soil layer which is stipulated in this section
lies at the proposed tunnel site, it is necessary to take such proper’
countermeasures as replacement or -improvement of soils. 1In case of a ven-
tilation tower, however, loads are transmitted to the baserock directly or
indirectly. Even if there is a soil layer which is liable to become un- -
stable in earthquakes at a part of the surrounding ground of. the ventila-:
tion tower, such a soil' layer will little affect the stability of the struc-
ture. It has been stipulated, therefore, that earthquake resistant analysis
can be carried out by disregarding the shearing strength of the soil layers
stipulated in this section.

One of the methods of determining the stability of cohesive or silty
soil layer is to conduct a vibration test, a vibrating tri-axial compression
test and a vibrating simple shear test on undisturbed soil samples and to
check whether or not the samples develop unstabilizing phenomena such as
sudden deformation.

In the Specifications for Earthquake Resistant Design of Highway
Bridges (Japan Road ASsociation, January, 1971), it is stipulated that if
a soil layer has a uni axial compressive strength of less .than 2.0 t/m?,
the shearing strength of such a soil layer shall be disregarded.

L, Design Earthquake Ground Motions
4.1 General

(1) In the earthquake resistant design of a submerged tunnel, the

displacement of ground in earthquakes or the desigh seismic coef-

ficient shall be taken into consideration.

_6 -




(2) For the submerged structure, the seismic¢ deformation’method and

‘the seisiic-coefficient method may be used:for the design.

(3) : For the ventilation: toweri.and other:appurtenant:structures, the

seismic coefficient method may. be usedvfor‘the design. ;

The earthquake resistant design of ordinary structures has been made
by the seismic COeffioient method and the earthquake reeietance of suoh
structures has a historical background. Therefore, it is stipulated that |
For those structures which can be seen in ordinarj structures, out of the
structural system of” the submerged tunnel, earthquake re81stant designs
shall bé made by the seismic coefficiént method. However, the behavior of
the submerged structure in earthquakes is affected mainly by the deforma-
tion and vibratién of its surrounding ground in a plane in earthquakes.

For this’ reason,'lt is stlpulated in the Spe01flcatlons that either the
displacement of ground or the seismic coefficient shall be taken into con-
sideration.

The earthquake resistant design for the submerged structure in its
longitudinal direction shall be made by using the displacement of ground.
However, for the earthquake resistant design of the cross section of the
submerged structure, no design method based on displacement has yet been
established and, therefore, 1t is stlpulated that the seismic coefficient
method shall be used. N

In earthquake re31stant de51gns for the ventllatlon tower and other
| appurtenant fac111t1es, the seismic coefflclent method shall be applied as
in previous casés. The eelsmlc coefficient method 1ncludes ‘the modlfled
seismic coefficient»method considering structural response (appllcable to
high ventilation towers). s
! 4,2 Design Barthquake Ground Motion
{ [y 4,2.1 Ground Displacement in Earthquake Re81stant Deslgn
: Ground displacement to be considered in the earthquake reslstant
E R design shall be based on the observed value and determlned by tak-
: ing into con51derat10n the nature of the earthquake ground motion
and ground condltlons.

In order to obtain ground dlsplacement in earthquakes any one
of the f0110w1ng methods may be employed'
Method by Obseérvation
This is the method to determine the ground dlsplacement on

the ba51s of the results of observatlon.




-Method Using Response Spectral Curve

a) ..The horizontal ground displacement amplitude on'the ground
- :surface.can-be:obtained by the following formula:
2 .
» Uh = S .‘T .‘A NI
Where Uh; Horlzontal ground dlsplacement amplltude on, the ground )
) surface (cm) ) .
Sv: Response veloc1ty value per gal of the max1mum acceleratlon
at the bedrock (cm/sec/gal) This value can be obtalned L
:Afrom Flg. 3 when the natural perlod T and damplng coeff1c1—
Vent h of the ground are specified. o o
T: Fundamental natural perlod of the subsurface ground (sec)
th; Horlzontal acceleration on the bedrock surface stlpulated
in "4.2.2 Bedrock Accelerations on Earthquake Re31stant De—
sign." (gal)
. ; Important Factor (Refer to Table 1 below)
‘0.30g Ch=0.0" " L
§ h=0.02-
« 020
g 3 h=005" " Al
% = 0.15F ]
o é r h=0.1
B8 of :
o o 0. IO:
%8 oosk h=02
> < L
Ez
[S¥e}
9 005 - h=04: .- -
TR el
> = .
w =
[z =}
ZE
oZ
ez o ,Lh:DAMPIN;G RATIO | . . -.
&
A T TN R N i I':',. . ;
[oX] K]

02 _ 05 o7 ] 2

NATURAL PERIOD (SECOND) =

Flg 3 Response Veloc1ty Per Unit Acceleratlon (After Publlc Works

Research Instltute, Mlnlstry or Constractlon)
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i Bqi (1)¢4i8 a’formula for caleu-. -« Table 1. Important Factor

lating;-the deformation of ground by S Y v
means of spectral curves, when bed- Tunnel serving higher:

rock is assumed:to underlay homoge- - | - public interests:- 1.0
fieous” ground” (having a thickness of | - - - Others <7 - | 70.8

H) a5 shown'in Fig, L4t and’ seismic
ground motion having & maximum acceler— - . R C Un
ation of A  is applied to the bedrock:
Spéctral ‘curvés shown-in Fig. '3 were

obtained on the basis of spectral curves

published by  the' Publi¢ Works: Research

=
Agh

Institute,’ MiniZtry 'of Construction -
(1970) ,’ which ‘are based on seismic - -« : ~ MOD : : .TO BEDROCK
records measured on bedrock. i

- In' Fig. 3 maximim response velocity - - Fig: 4 *Model of Ground:-
values obtained are divided by maximum ac- =% &7 sonlonTows
celerations of input earthquake ground motions, thereby converting the

former 1nto values per gal.

Natural per1od T may be obtalned ‘either by a) method of obtalnlng the
predomlnant perlod from micro- tremor observatlons or b) method of obtaining
shear modulus G (or the S wave ve1001ty V ) of the ground by means of in-
51tu tests or 1ndoor tests and then obtalnlng the natural period, using
th1ckness H accordlng to formula T = %H .’ In any case, 1t is recommended
to determ1ne the natural period tak1ng into conslderatlon the magnltude of
strain that w1ll occur in the ground in earthquakes.A D ’

b) ' Vertlcal ground dlsplacement amplltude U on the ground

o " surface shall be /2 to A/ of L S
o (3) Method Employlng Dynamlc Analy51s ’

T ~In thls method the ground dlsplacements are estlmated accord—
ing to dynamic ana1y51s. ' ’

?(h)"Method Employlng Equ1valent Slnus01dal wave Spectra

In thls method deformatlons of the submerged structure are

calculated on the assumptlon that 51 u501da1 wave motlo
agate through the ground along the submerged structure. Amplll
‘tudes of the s1nu501dal wave mot1ons under conslderatlon are o
"glven for varlous perlods (they are called the "equlvalent s1—‘
'nuso1dal wave spectra) and sweeplng the perlod the deformatlon

of the submerged structure is repeatedly calculated untll the

(a) SURFACE GROUND (b} RELATIVE DISPLACEMENT




maximum deformation is obtained. The equivalent sinusoidal spec-

tra may be obtained on the basis of strong motion eqrthquake

}records., i e .
4 2 2 Bedrock Accelerations on: Earthquake Resistant De51gn .
(1) Horizontal acceleration to be considered in respect of. the design
bedrock surface shall be determlned by taking into consideration
the magnitude of earthquakes at the proposed tunnel site and the
”degree of 1mportance of the submerged tunnel.
(2) Vertical acceleration to be considered on. the design bedrock sur-
. face shall;be 1/210f the horizontal acceleration. .
It is\stipulated'that the horizontal acceleration of the earthquake
~ground motion to be considered on the design bedrock surface shall be de-
termined by?takiug account of the importance  of the submerged tunnel and
existing data observed at underground. .
The horizontal acceleration on the design bedrock surface can be ob-

tained by the following formula:

th = Vg . A

Where th. Horizontal acceleration on the de51gn bedrock surface.
VZ: Seismlc Zone Factor (refer to Flg. 5) 3
A : Standard Bedrock Horizontal Acceleration at bedrock sur-
face (wh1ch shall be namely equal to 100 ~ 150 gals),

The vertical acceleration is stipulated to be 1/2 of tbe herizontal
acceleration by taking into con51derat10n the examples of observatious and
those of other structures. i

L.2.3 Design Seismic Coefficient in Seismic Coefficient Method

' (1) The des1gn horizontal seismic coefficient shall be determined by
taking into consideration the magnltude of earthquakes at the
proposed site of the submerged tunnel the klnd of ground and the
1mportance of the submerged tunnel. )

(2) The design vertical seismic coefficient shall, :as a standard, be

1/2 of the de51gn horizontal selsmic coefflcient.

Design seismlc coefficients are stlpulated to be determlned, in prin-
01ple, based on the 1nvestlgat10ns on earthquakes and earthquake ground
motions and on geology and grounds,'and by taking into consideration the
topographf at the site, ground conditions and the importance'of the tunnel.

The desigm borizontal seismic coefficient in the seismic'coefficient

method can be obtained by the following method:

- 10 -
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Where

é) <Th§kdesign hofizontal‘Seismic coefficient is obtained by,

the following formula:
f{W; . Vg ';Koh
KV: De51gn horizontal seismic coefflclent

vyl Selsmlc Zone Factor (refer to Flg. 3-5 of 4.’ 2. 2)
Ve Tmportance Factor (refer to Table 1 of L, 2. 1)
vg: Ground Condition Factor (refer to Table 2)

K ,: Standard design seismic coefficient (= 0.2)

oh”
Table 2 Ground Condition Factor vg
Group o Definitions” Value of »g
(1) Ground of the Tertiary era
or older (defined as
1 . bedrock heregftfr) 0.9
(2) Diluvial layer 'with
depth ‘less than 10 meters
above bedrock
(1) Diluvial layer®with
" depth ‘greater than 10
> meters)gbovekb:drock 1.0
(2) Alluvial layer with
depth less than 10
e meters above- bedrock
kAlluv1a1 1ayer Yaith depth less
3 than 25 meters,; which. has soft 1.4
layer*'with depth less than 5 *
meters o
4 Other than the above ‘ ol 1.2
(Notes)

1) Sinceé these definitions are not very compfehéﬁsiﬁe,rfhe
classification of ground conditions shall be madé;with A
adequate consideration of the bridge site.
Depth of layer indicated here shall be measured from the
actual ground surface. :

2) Diluvial layer impliéé a dense alluvial layer such as a
dense sandy layer, gravel layer, or cobble layer.

3) Alluvial layer implies a new sedimentary layer made by a lands
lide.

4) Soft layer is defined in Section "3.6 Soil Layer where

Shear Strength is Neglected in Barthquake Resistant Design."

- 12 -




b) - The design seismic coefficient to be used for -earthquake

resistant analysis.of tlie submerged structure and the

‘. approach shall be the value mentioned in Item a) above.

¢) The design ‘seismic coefficient to be used for earthquake
resistant analysis of the ventilation tower shall be ob-

‘tained by multiplying the value of item a) mentioned above

by correction coefficient in which response of the ventila~
tion tower is considered. For correction coefficient g;
. use the value in Fig. 6. Provided that when the natural
 period. of the ventilation tower is less -than 0.5 sec, use
g.= 1.0. -
(2) - The design vertical

seismic coefficient 2
k, is stipulated to = = 15
c 1.25
© :be 1/2 of horizontal e ) —\\\ N
s e e 2 : - B AR (DN
seismic coefficient i 1K [N
. . o | | GrouPa
kh’ by referring to: o | crour3
the existing strong: 5 44 srovr2 711 N AN
) . [
. 2. . GROUP |
motion earthquake >
records and other : 03 | || | A1
0.5 2 .. 3 4 Ssec

earthquake resistant -
q NATURAL PERIOD “OF

design’ standards. VENTILATION  TOWER. .

Fig. 6 TFactor f§ :

5 Earthquake Re51stant Design of Submerged Structures
5.1 General
For the earthquake resistant de51gn ‘of the submerged structure, the

seismic deformatlon method shall be used. For the design of cross section

i tln thn transverse dlrectlon and for the examination of the stablllty of
?f i ’ slldlng of the submerged tunnel the seismic coeff1c1ent method shall be
applied. '

The submerged tunnel structure, belng generally an long and narrow
structure and burled ‘under soft ground, is malnly affected by the displace-
ment of the surroundlng 5011 1ayer in earthquakes. Vibration characterls—
tics 'of the ground near surface where the tunnel is constructed is affected
by the topography, soils, and stratlgraphy of the nearby ground. Therefore,

it 1s necessary to de51gn submerged tunnel by taking into consideration the
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displacementqor deformation of ground. However sincé sufficient knowledge
has not yet been obtained concerning:the above-mentioned vibration charac-
teristics;;it:is stipulated that the -displacement of ground in earthquakes
shall-be -treated -as:a wave or vibrdation in design. )

- The ‘procedure stipulated in M5, 2 Seismic Deformation Method" is aimed
at -determining stresses and displacements of ‘the submerged structure along
the .longitudinal .axis- assuming the submerged structure has been buried‘in a
homogeneous soil layer.. -

.-In. the 'earthquake resistant design of: the submerged.structure in its
cross—-sectional direction, it is necessary to examine the thickness of the
cross-sectional wall so as to resist against loads in earthquakes and also
to examine the stability of the submerged structure .against .sliding. It is
stipuIated‘that in these éxaminations} the conventioral.seismic coefficient
method ™ may be - employed which.is used for various ;civil englneerlng struc-

tures such as the’calsson foundatlon, due to reasons metnioned in "k.2 Design

Earthquake Ground Motlon," and 1t 1s further stipuldated.that the results of
the 1nvest1gat10ns are to be conflrmed by dynamic analysis.-
In‘the o

the cross sectlonal stress shall be calculated by taking into consideration

xamlnatlon of the thlckness of the - cross—sectlonal wall, first

the inertia forces,‘earth pressures and water pressures which-are conceiv-

able to be applled to the wall durlng earthquake; and then necessary meas-

ures shall bé-taken® for' re1nforc1ng the cross section of the submerged
structure or increasing the thickness of wall.

The stability against 'sliding shall be examined by taking into con-
sideration both active and passive earth pressures that are applled to the
submerged structure and also shearlng re51stance forces which act from the
ad301n1ng cross sectlons of the submerged structure._ ‘

_ When foundatlon structures such as p11e foundatlons are to be used for
the submerged structure, 1t is necessary to examine the submerged structure
and the foundatlons s1multaneously paylng attentlon to connectlng condltlons
between the two structures.

s

What are foressen 1n earthquakes beslde the above w111 be such phe~

nomena as floatlng and dynamlc sett11ng. To cope w1th such phenomena, it

w111 be proper flrot to take varlous measures such as the strlct select on

of 5011 flll materlal, 1mprovement of so1ls and consc1ent10us executlon of
these works and then to glve necessary examlnatlon to the crosssectlonal ’
' des1gn of the submerged structure (refer to "8 Stablllty of Sub501ls (8011
£111)").

-1 -
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Epos “the earthquake ‘Fesistant analy51s oF " the submerged structure, the
seilfiie deformatloh ‘ethod “(the analysls method based on the dlsplacement
of “gridtind’ in earthquakes) “ghall be employed. ‘ P et
Deformation taking place 1n ‘& structure llke a submerged tunnel wh1ch
“ihhg larger r1g1d1ty but’ smaller'den51ty than the ground is governed by the
dlsplacement of” 5011 1ayers surroundlng the tunnel. By taklng these prop—
d¥ies’ o e submerged tunnel into con51derat10n, mathematlcal model of
the' submerged el o bb used in des1gn shall be taken ‘as a rod or a beam
on elastic foundation in analy51ng deformation and stress of the ‘model. '
More precise analyses such as earthquake response analyses are recom—

mended for the deslgn ‘of submerged structure taklng account of dlscount—

1nu1t1es of topography, geolohy and structural Jo’nts. Max1mum dlsplace—n

“YIn the ! ‘seismic' coefficient method analy51s shall be made by taklng

1nto conslderatlon 1nert1a forces in earthquakes ar1s1ng from welght of the

BEEtH
. :

aklng th1s analy51s, it is necessary to grasp phenomena (for 1ni“;

stance,pan 1nc:easeﬂ1n surcharge and’ sl1d1ng due to’ unbalanced loadlng) and
to examlne 1nd1v1dual cases. At th1s t1me, the dlrectlons and pos1t10ns of
inertia forces to be applled and the comb1natlons of 1nert1a forces due to

the horlzontal selsmlc coeff1c1ent and those due to the vertlcal selsmlc
coefflclent shall, 1n prlnclple, be determ1ned so that structure w1ll be

i

placed in" the worst state in respect of stress or stra1n.

6. Earthquake Resistant Design of Ventilation Towers '“'f‘A
6.1 General o _
In maklng earthquake re51stant des1gns lor ventllatlon tower, con—

51derat10n shall be glven to thelr connectlons to the submerged structure

so that ‘the total structure w1ll become earthquake re51stant.

- 15 -
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6.2 Earthquake Resistant Design of Ventilation Towers : o .

For the earthquake re31stant design of ventllatlon towers, the ‘seismic
coefflclent method shall be employed, and the design selsmlc coefficients
shall be determined in accordance w1th prov1s1ons in "4,2,3 Design Selsmlc
Coefficient in Seismic Coefflc1ent Method."

For methods of appllcatlon and analysis of seismic,forces‘in the earth-
quake resistant ana1y51s of the ventilation tower, prov151ons in related
spec1flcat10ns shall be applled depending upon the structural types of ven-
tilation tower, and condition of the proposed 31tes of these structuresr

7 Earthquake Resistant Design of Approaches
7.1 General ) o

. In maklng earthquake resistant deslgn of approaches, con51derat10n
shall be given to the connection of approaches to the submerged structure
and the ventllatlon towers so that the total structure will become earth—
quake resistant. .

The structural types of approaches that are. connected to the submerged
structure have variety types such as the tunnel constructlon by excavatlon
and back-~fill process, caisson process and shield process and the open
construction by the semi-underground U—shaped construct1on .and retalnlng—
wall construction. ) )

TIn the earthquake res1stant de51gn of these approaches, 1t 1s necessary
to consider not only the earthquake resistance of the approaches but also
the behaviors of the submerged structure to which the approaches are con-
nected and also other structures. ) _

Even 1f the constructlon process is d1fferent between the approaches
and the submerged structure, it is advisable that approaches that are con-
nected to the submerged tunnel should be given the same degree of earthquake
res1stant analysis as that of the submerged structure, if the approaches
have similar structural condltlons such as cross-— sectlonal dimensions and
r1g1d1ty to those of the submerged structure.

7.2 Earthquake Resistant De51gn of Approaches )

The earthquake resistant analy51s of the approach may be carried out
by other related standards and spe01flcatlons depending upon the kinds of
the respective structures.

8. Stability of Subsoils
8.1 General
The submerged tunnel is usually constructed in soft subsoils; and

therefore, in making the earthquake resistant design of the submerged
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tunnel, it is necessary to examine the stability of subsoils surrounding
the 8ubmerged tuinel. '

“The term "subsoils surrounding the submerged tunnel" here means the
following: ‘

(1) Original ground layer surrouhding the submerged tunnel

"(2)  Soil=fill surrounding the submerged tunnel

The séil—fillrsurroﬁnding the‘submergéd’tunnel generally cbnsiét of
soft soils. Therefore; stch soils are sometimes liable to develop liquifac-
tion and sliding in earthquakes. In this provision, it is stifulated to
examirie the stability in earthquakes of subsoils which are within the bound
that will affeét the submerged structure in earthquéakes.

This provision stipulates that the above-mentioned ‘examination shall
‘be carried out in accordance will provisions in "8.2 Stability Anal&sis'of
Subsoils" and "8.3 Stability of Soil Fills for Submerged Structures," but
if the surroinding soil is considered liable to develop anomaly, it‘isﬁné-
“cessary to exdmine the effects of this anomaly to be exercised upon the
subnierged’ tunniel. -

The system of éxamining the'stébility of subsoils are shown by a flow
chart in Fig. 7. ' h

A |

L] [
ESTIMATION OF SEISMIC ESTIMATION OF LIQUIFACTION
STABILITY OF SUBSOILS ) OF SUBSOILS

SUBSOILS
ARE STABLE
OR NOT

{1QUIFACTIO!
DEVELGPS -
OR NOT

REPLACE SURROUNDING RETURN TO | MODIFY TUNNEL
SUBSOILS STRUCTURE
No
HECK
Yes

€

Fig. 7 Flow Chart for Determination of Stability of Soils
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8.2:8tability Analysis .of Subsoils . . : T TN R P

The stability analysis of subsoils is carried out by.the seismic, coef=
-ficient method assuming a sliding plane. Further,.it :shall. be- confirmed
that no harmful effects will occur on the submerged structure by the hori--
zontal ground displacement.determined by means of dynamic:analysis.

For the stability of .subsoils.in earthquakes,  examples-of:past:earth-
quake damage-constitute good reference materials. .For;the stability.analy-
.sis of slopes, the -sliding plane method is.customarily employed; but.re--
garding .the stability of the horizontal ground, no definite-method of ex- .
amination has.yet been established. -For this reason, the 'stability analy-.
sis of the horizontal. ground-is carried odt by the .seismic coefficient .. -
method and.dynamic analysis, by referring to the examples-of :pasf earth-
quake :damage, -thereby making it possible to judge the stability{df_subsoils.

.-In the, seismic coefficient -method, ‘the sliding:plane is assumed: to-be

a.plane in parallel with the bottom:plane of the submerged.tunnel and, .: -:
seismic force is=appliéd,to;the subsoil .within .depth of.10 m.from.the ground
surface by referring to the examples of past earthquake damage.and-taking. .
actual, conditions into - consideration. In this examination of the stability,
the safety factor of approximately 1.1 shall be allowed. 3 .

The surface layer may be replaced by the mathematical model of rigid-

plastic shearlng vibration model with' one degree of freedom in order to

estimate the horizontal grounddd}splaqe ent. .~ -

8.3 Stability of Soil Fills for Subieiged SEidc;ure${

(1) L1qu1fact10n

- The-soil - to be’ ‘uséd - for fllllng at -the- submerged tunnel should
not be the 01l that will cause 11qu1fact10n in “earthquakes.

(2) Stablllt agalnst Slldlng

Stablllty agalnst sliding in the transverse dlrectlon ef sub-
merged tunnel shall be examined in accordance w1th prov151ons in
"5 Earthquake Re51stant De31gn of Submerged Structures."
9. Allowable Stresses :,,”m”“
9.1 General

The allowable stresses of materlal ‘and increase 1n allowable stresses

in earthquakes shall be determlned g 'erlng prov1s1ons of related spec—
ifications dependlng upon the kinds and the degree of 1mportance of the
structure, and taking into conslderatlon!the assumptions in design calcula-

i

tions and the methods of construction and control.
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9.2 Allowable Stresses of Concréte

(1) The ‘allovable sStresses of conéreté to be used for the submerged
tunnel shall conform to the follow1ng spe01f1cat10ns

"Standard Spe01f1cat10ns of Covcrete“ by ‘the Japan Society of Civil
Engineers.

(2) Thé allowable stresses of the concrete placed in the water shall
be decided on the basis of the experiments simulating the field
condiﬁioﬁs as the quality:of fhe‘qoncrete depends on the plasihg

" methods. B '

Allowable stresses shall be determined by taking into consideration
not only the properties of materials but also the kind and the degree of
importance of the structure, assumption in the design calculation and method
of construction and control. In the portibh of thé reinforced concrete
structuré out of the submerged tunnel, design and construction shall be
carried out according to principles spécifiéd in the above-mentioned
spe01flcat10ns, and allowable stresses shall also conform to stlpulatlons
in the same spe01flcat10ns.

The quallty of concrete to be'plaéed in the water greatly depends on
the_cbnsfruction condition, and the excellence or inferiority of the con-
struction i5 generally difficult to judge. In the example shown in the
"Specifiéaéibns for Foundation Design of Highway Bridges (Japan Road Asso-
ciatioﬁ);ﬁ it is stipulated that the allowable stresses of concrete placed
in sfétiohal water shall have 50% (70% if engineer-in-charge approves) of
the allo&éble stresses of ¢oncrete plééed in éir;‘and it is also stipulated
that 16 estimate of its strength shall be made for the concrete placéd in
floating Wéter."Da£é concerning the quality of concrete placed in the water
are stillivery few and the clarification of the quality has to wait for
future investigation. Therefore, when concrete is used for importént'struc-
tures as a submerged tunnel and is placéd in the water réguiring enough
strength, allowable stresses shall be determined on the basis of ample tests
~ and invetigations.

9.3 Allowable Stresses of Steel
(1) The allowable stresses (normal state) of steel to be used for the
submerged tunnel shall conform to the following specifications:
a) Reinforéing Bars
"Standard Specificatibns of Concrete by the Japan

Society of Civil Engineers.
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b) Steel Other than Re1nforc1ng Bars
"Standard Spe01f1catlons for nghway Br1dges (Part of
Steel Bridge)" by the _Japan Road Assoc1at10n.
(2 ,When cracks are of the partlcularly harmful, allowable ten31le
’ stresses (under ordlnary condition) of reinforcing bars shall be
) _3determ1ned by taking into cons1derat10n effects exercised by cracks.
Due to reasons shown in "9.2 Allowable Stresses of Concrete," thls
proyls;on is stipulated. For steels which act as a s1ng1e unit with con-
crete,/no'reduction in allowable stresses against buckling is required.
.The tensile strength of concrete is small and a concrete structure
w1ll develop cracks at the place where 1ts tensile. stress exceeds a certaln
11m1t.: In case. of relnforced concrete, the tens1le strength of concrete
‘1s ignored. in de51gn analys1s and, therefore, cracks on relnforced concrete
poses no part;cularﬁproblem for res;st1ng,force.‘ However, large cracks may
ruin the watertightness of the rednforced concrete or result in rustdng of
bars., It 1s necessary, therefore, to 1mpose some restrlctlons on cracks
The magnitude of the width of a crack is compllcatedly affected by the
th1ckness of re1nforc1ng bars and the depth of cover. As the ten51le stress
of bars 1ncreases, the w1dth of the crack is generally known to become .
larger. 1In order to restrlct _the w1dth of the crack therefore, 1t w111 be
effectlve to restrlct the allowable ten511e stress of the re1nfor01ng bars.
Regardlng the allowable w1dth of the crack and the relat1on formula between
the crack w1dth and the stress of the re1nforc1ng bar, many theorles have
been proposed and the allowable w1dth of a crack varies con51derably w1th
condltlons. Generally speadlng, the crack w1dth Wthh is allowable from
_the v1ewp01nt of watertightness is less than O 1 mmy and that wh1ch is
'allowable from the v1ewp01nt of rust preventlon 1s con51dered to be about
,O 2 mm for members that are always 1mmersed 1n water and about 0 15 mm for
members that are placed near the waterrsurface and severely affected by
water cond1t10ns. ) J ' ‘ v
The relat1onsh1p between the stress of the re1nforc1ng bar and the
width of the crack, according to tests, is mostly w1th1n the ranges of
0.05 mm to 0.10 mm at a tensile stress of the relnf0r01ng bar of 1,000 kg/
cmf 0.15 to 0.20 mm at 2,000 kg/cm and 0.2 to 0.3 mm at 3,000 kg/cm.
Allowable stresses in the Standard Speclflcatlons of Concrete have been
stipulated by taking into consideration 11m1ts for the cratk width allowable
from the durability of general members in the ordlnary exposing state. It

is also stipulated that if the crack is particularly harmful, the allowable
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stress:-shall be reduced. P T
Submerged' tunnels include those which are protected by steel shélls ‘at
the:outside so that concrete will not directly touch Water and ‘tHose: which
have: no' such: construction.: In case of the waterway tunnely: ‘even waters "'
~tighteness is not. particularly required. It is necessary; thérefore, to

determine the allowable tensile stress ofr reinforcilig bars by takihg into

consideration the sbovementioned characteristics of the structure.:”
Further,"Steels which are buried in thé concrete and act ssia’ single *
body with concrete shall be taken for:a sort of reinforcing: bars ‘@ahd stip—
ulations -for reinforcing bars shall be applied to such steels.i¥ At: presént),
an allowable stress of “reinforcing bars of less than 1,800 kg/cm?is usedy:"
but this value needs further examination. !
9.4 Increase in the Allowable Stresses in Earthquake Resistant Design ~ -
(1) =~When allowable stressés stipulated-in "9.2:Allowable:Stresses of
Concrete' and "9.3 Allowable Stresses of Steelll a¥e ‘to be etiployed,
‘these:values which are applicable to ordinary state can!bs ime
creased within ranges shown in the following table,'&eﬁénding
upon the coibinations of loads, in:order to obtain allowable ° & -

stresses in earthquakes:

Tsble 3 Limit of Increase in Allowable Stresses

Combination of Loads pincrease
Ordinary load + Earthquake Load : - 50% 5
Ordinary load + effects of temperature>
changes . . B
+ Shinkage 65%
+/ Earthquake Load

In this case, for the allowable stresses of rein forc1ng bars wh1ch
will be used as reference values, use value sthulated in "9 3 Allowable
Stresses of Steel" " When methods other than the prlnclples of the Spe01f1—
cations whlch are stlpulated in "9 2 Allowable Stresses of Concrete" énd
9.3 Allowable Stresses of Steel are used in the ana1y51s of the allowable
sectlonal forces of members, allowable stresses or safety factors at ‘ordi-
nary state and 1n earthquakes shall be separately determlned based on test
reults._ I o o o
: Selsmlc loads to be taken 1nto conslderatlon for deslgn occur very ‘
rarely within the perlod of the life of the submerged tunnel and the period

of actlon of these loadlngs is also short. The values of allowable stresses
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have been increased by taking these facts into account. ' For increase per-
centages, those in the. Standard Specifications of Concrete have been used.

The design of the reinforced concrete structure has been made on the
basis. of -the elasticity theory.- Recently it is proposed, in view of the
deformation characteristics of concrete, to apply non-elastic design methods
such as ultimate strength design methods for critical situations such.as
earthquakes. It is also proposed -that since concrete is not completely
without tensile strength, a certain degree of tensile strength may be
allowed to the structure in earthquakes. However, since there are only few
structures which have been designed based on the above-mentioned design
methods, it is stipulated here that if such design methods-are to be made,
allowable stresses or safety factors can be determined by investigations
and tests.

If the allowable stress of a reinforcing bar in ordinary loading con-
ditions is assumed:to be 1,400 kg/cm? then the allowable stress of the
reinforcing bar in earthquakes-is 2,100 kg/cm?and the strain at this time
is 107 That is,-when displacement of the ground or the submerged tunnel
in earthquakes is known beforehand and there is a portion in which strain
exceeds the above-mentioned value, it is recommended to make mechanical
joints in order to reduce the stresses.

10. Details of Earthquake Resistant Design
10.1 General

I& making detﬁiled désign of the submerged tunnel, attentibn-shall be
paid té earthquake resistance. Especially at the portion of sudden changes
in the topography, geology and the structure of the submerged tunnel, servere
displacement or deformation is liable to occur in earthquakes, hence the
detailed design of the surroundings shall be given throughgoing examina-
sion. . V.! | . . . . R

10.2 Structural Joints

The fypes and sﬁacing bftfhe structural'joints shall bé determined by
considering the desigﬂ for'ﬁormal state and construction'and also by ex-
amining the earthquake résistancé.

In selecting the poéitions, types and s?acing of structural joints in
the submerged funnel, the following points are ﬁormally considered; the
manﬁfacfuring proéess of tunnel elemeﬁts at the time of construction, tow-
ing and sinking, and uneven settlement and temperature changes of the tunnel
after ifs completion. ) v

For the earthquake resistance of the submerged tunnel, however, con-
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struction and spacing of structural joints are important factors. . Ih se-
lecting the structural joints, sufficient examination from the point of view
of earthquake .resistance is required.

The type of structural :joints are brbadly classified into -the rigid
joints in which joints are given rigidity and strength equal to. those of .
the cross section 6f the tunnel element so that jdiﬁtsican sufficiently
withstand deformation and strain in earthquakes and the flexible joints in
which: joints are.given flexibility to absorb deformation in. earthquakes.
Naturally, joints with intermediate eharacteristics between the two types
mentioned above are conceivable. Hereunder the respective characteristics
and points of caution of these types are explained.

Flexible joints - When flexible joints are to be used, displacements
and-.deformations of joint and effects exercised by them upon the entire
length of. the tunnel vary depending upon. the positions of joints and their
degree of flexibility... It is desirable that the effects of flexible joints
in:.earthquakes be. evaluated by the earthqﬁake response analysis or by ex-
perimental model: tests.

: In designing the joints, the .effects of temperature changes and un-
even settlement that the submerged structure may develop -should be taken
intoiconsideration so that. joints may maintain the.capacity to’ absorb
deformation which will occur in earthquakes:

:Since flexible joints: have structural characteristics which are dif-
ferent: from ‘those of general cross sections, careful examinations are
required to prevent joints from becoming weak points of structure.

‘bRigid Joints - Whén rigid joints are to be used, it is desirable not
to make joints weak in structure.

10.3 Pile Foundation

When a pile foundation is to be used for the submerged tunnel, exami-
natlon shall be made on the effects of plles exercised upon the behavior of
the submerged tunnel in earthquakes. )

10.% Ventilation Tower

"In earthquake resistant designs of the ventilation towers, careful
attention shall be given to the structures and positions of the ventilation
Lower Connections of the ventilation tower to the submerged structure and
approaches shall be so arranged that too much cross-sectional forces do

not develop in the structure.
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“ 1. Introduction .-

bwhere 1nterna1 frlctlon angle ¢ = 0 and z 1s depth from the sea—botto‘{i‘”

IT.-"NUMERICAL: EXAMPLE

This section introduces an earthquake resistant design of proposed
Tokyo Bay-Crossing Highway.Tunﬁgl?)as'mentioned preceeding section, as a
numerical: exainple of "Specifications :for Earthquake: Resistant. Design :of "
Submerged Tunnels";1)2)§)' I oo

* -As -shown in Fig. 8, proposed Tokyo Bay Crossing Highway is a -highway: -
with-‘a total’ length of:15 km -on’ central: part of Tokyo Bay to connect bet=
ween kawasaki City-and. Kisarazu City;E)It consists ofi @ submerged tunnel:
bridges and two artificial islands which provide approaches between: the -~
submerged tunnel and the bridges. bR

2.°.8tability 'of. Surrounding Ground -

< Ground:.conditions of the area surrounding proposed tunnel site con-<i:.
sist'of -alluvial Iayer mainly. containing soft: cohesive soil.” :Therefore,:":
stability: in earthquakes was examined for the surrounding ground deeper.: -:
than: the ‘bottom plane of the:submerged’struoture,-con8idering:theaféct‘that
the submerged structure is supported by the soft ground: directly below. the;
submerged. structure.:: The: grournd. at -theé-Kawasaki side where'SOft”cohesive
soil has ‘developed and: distributed was‘considered in’ this examination. . w7z

The analysis was carried out by using the seismic 'coefficient method
in accordance with provisions in: "8.2-Stability Analysis of Subsoils',: o
Since: estimated safety factor in this analysis’ was without: satisfaction
prescribed, ‘dynamic. analysis .in accordance with provisions in 18- ‘Stability
of Subsoils!" was carried out. :

Assumihg ‘that layer A does not ‘develop sudden change in:its ‘shearing
strength 7f from the results of distribution of uni-axial :compressive:r : -

strength Q, corresponding to the depth the shearing strength was estimited as

e f c_o15z 1:/m2

2.1 Seismic Coeffic¢ient Method

TN

_Assuming that seismic forces develop through the sea bottom to a depth

9f a variable D m and also assumlng a horlzontal slldlng plane in ,he i

ground right beneath the bottom of the submerged tunnel the safety fag:

was estlmated fro

he equlllbrlum of forces in a unlt SOll mass., . . ..

Denoting the seismic force by PE’ shearing force. of the bottom by QB’
the unit weight of soil layer A by 7t’ shearing strength of ground by 7%

and the horizontal seismic coefficient by kh, safety factor FS can be ex-
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pressed as following,

Substituting dés'iéz{ seismic coefficient k, = O, 18 D =10 m, the depth

from the sea-bottom to the ‘assumed horizontal glldlng plane z = 16 m, unit
weight of soil 7 = 1.k t/m’ safety factor F_ was obtained as 0.95 from the
equation mentloned above., RS ‘

2.2 Dynamic Con81derat10n '~:

By idealizing the subsoils by multiple degrees of freedom shear vibra-
tion model and by prescrlblng input earthquake motions at the bedrock sur-.
face, the maximum horizontal displacement, shearing strain, and shearing
stress of the subsoils were obtained. The inter?al béfween;maSS points
were taken as 2 to 3 m and damping coefficient h:of fhe subsoils was taken
as 0.2, by taking into consideration the strain level of the subsoils in
earthquakes. The following two cases were examined, i.e., the case in
which the averaged response spectral curve (Publiic Work Research Institute,
Ministry of Construction, 1970, Spectrul Curve oh the;ﬁedréck, h = 0.20)12)
was prescribed on the bedrock surface with thé méximuﬁ'écceleration of 150
gals, and the case whére earthquake acceleration recorded at a depth of 40 m
below the ground surface at Shizunai by off Nemuro Penlnsula Earthquake
(1973) was prescrlbed with a maximum accelerations of 45 gals. Analysis
was conducted in the follow1ng two cases, i.e., one case where the shearing
rlgldlty of layer A 1s‘un1form and another case where the shearing rigidity
of layer A is prppértional with depth. The value of G in each layer was
éstimated by the design shear wave velocity VSD which was obtained by halv-
ing the measured shear wave velocity V obtained seismic surveys, by taking
account of the levels of shear strain in earthquakes, as follows:

7.
G- gt.v;D
where G: acceleration of gravity

The calculated shear stress of the subsoils is shown in Fig. 9.
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3. Stability of Submerged Structure
3.1 Stability against Buoyancy

Stability-.against buoyancy of the structure in earthquakes was ex-

~amined by the seismic coefficient method:

When vertical inertia forces due to vertical seismic’ coefficient '
kv =.0.11 acts. to:the structure in the upward direction as:shown in-Fig. 10
the safety factor can be-obtained as follows:
Buoyant reslstlng force W' (W o we) - kv{ +2F
Buoyancy By

> 1
Ay + A 7,

in which WT in . dead welght of submerged tunnel, W is welght of overburdens,

AT is gross sectional : area of submerged tunnel A “is sectlonal area of

overburdens and F is frlctlonal force act1ng on s1de wall.

i
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1 F=54.0m )
;

Ws = 150.3 ¥Ym

i i

IF 54.0%m ; JEom

Hl|wr = 6497 t/m

44.2m

Fig. 10 Resistance for ﬁuoyancy

3,2 BExamination of Sliding
Stability against sliding of the tunnel in the transverse direction

was examined by the seismic coefficient method. -
Considering inertia forces of the submerged tunnel and overburdens and
active earth pressure in earthquakes, the safetj factor’against sliding was
evaluated on the assumptioh that acting fofcesywére resisted by the shear-
ing force of the bottom of the submerged tunnel and passive earth pressure
in earthquakes. ’
The horizontal design seismic coefficient was taken as*kH = 0.22 for

thestunnel -and as kH = 0.18 for the ground in accordance with the provisions

in "4 Design Earthquake Ground Motions." The seismic force was applied to

the. subsoils between the ground surface and 10 m below: the: ground surface.

Distributions of acting loads and resisting forces thus. obtained are

shown in Fig. 11. 1In this figure, th is inertia force applied to the

10,000

. Wani= 27.1 {/m SEA BOTTOM

PaE = 0947 /1 >
; . _

Pa=Zeac+ ZPa; . —
=4861/m ', < Wak = 86.41/ )
:13 -4t/m = -
— é_ IlI‘ERTfA FORCE > eiWshe=1441/m -

Pag =55704/m* _
- -
AoPp = soi i

=

Pa =3616t/m?
—r e
Hu =68.1 t/m Huz =32.2¢/m

Fig. 11 Examination to Sliding of Submerge Tunnel in Transverse Divection

tunnel, wsh1 is inertia force applied to overburden on the tunnel, wshZ is

inertia force applied to soil-fill in the passive side, PA is the total
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active earth pressure-applied to-the tunnel, Hul'iS'the frictional resis-

tance between the tunnel and subsoils; Hu2 is;the frictional resistance

between' s0il-fill and subsoils besides right underneath the structure, and
Pp~is_the total passive earth pressure retained by the total depth of soil-
fill as shown in Fig. 11;.respectively.'\The'Safety against sliding was

obtained as

1%
Hu1 * Hu2 + Y

Fs= W, + W + W >1.0
~"Bn T "Bh1 T "Bh2

L, Earthquake Re31stant Ana1y31s in the Longltudlnal Direction
h 1 Design Condltlons . :
| he submerged “funnel considered was 3,340 m in length, 44.2 m in width

and 13.0 m 1n helght and had a rectangular ¢ross-section. Sectional con-
stants used in the analysis of sectional forces in earthquakes are shown in

Table 4.

[

Table L Sectlonal Constants Used in Analys1s of: -
Sectional Forces in Earthquakes

Elastic'ﬁddulus of concrete _ E 3,0 x 10° t/m2

. Horizontal direction 1, 43,700 - m?

Moment of inertia : -

: - - Vertical direction I5 5,150 - m*

Sectional area . ' A" 215 : ﬁ2,

Horizontal direction | EI, | 13.11 x 10'°  tm?

Bending rigidity - — o -
ST ‘Vertical direction EI, 1,545 %10 tm?

Longitudinal rigidity = ‘ EA 65 x 10° ¢

Weight per unit length in B W 650 t/m

longitudinal direction . .

Elemeiits of the submerged tunnel were assumed to bé connécted each
other by rigid joints, and the submérged tunnel and ‘the ventilation towers
were assumed to be structurally indepéndén% edch other.

The bedrock sirface was set at a sﬁrféce’jo to 40 m below the sea
bottomrbased'on the results of soil survey and seismic susey.

Ydung's'modulusjof'the subsoils above the bedrock surface was evaluated
by 1/2‘of'thelobséfVed or estimated value of shear wave velocity and unit
Wéight‘of fhe Subsoils. This is baséd on the fact that according to obser-

vations “and experimental fests, rigidity of soils at a shear strain level
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of . about 1d?i5'considered‘to be.approximately 1/ of ‘that-at a shear stiain
level:of:about 10:6 Since results of analysis 1ndlcated that averaged shear
strain-induced in the subsoil was approximately 10° 1n earthquakes,  the
shear waveé:velocity. assumed in . the analysis was taken as 1/2 of the'shearf
wave velocity at a shear strain level of about 40:?

Young's modulus for the subsoils above the bedrock surface evaluated

apparently in this way are shown in Table 5.

Table 5 Soil Properties

i ) Unit Shear wave velocity* 1 . Young's
Grounds Weight to be considered in Modulus
(t/m3) design (m/sec) ol (E/m2)
Layer A 1.4 : ' 75 2,400
Layer B N 100 5,200
Layer C 1.8 130 9,300
Artificial : :
Asland 2.0 120 9,000
* Sand mat . 2.0 120 2,000
Compacted : : ; )
Sang e 7| . 100 | 5,200
-Replaced g v e ?
Sand : 2,0, 120 9,000

*) 1/2 of the observed or estlmated value obtalned by seismic survey.

4,2 Sectional Fbrces Calculated by the Seismic Deformatlon Method

Sectlonal forces of the tunnel in earthquakes were caluclated by u51ngh

the seismic deformatlon method. In this calculatlon, the ground dlsplace—
ments in the 1ong1tud1na1 ax1s of the tunnel in earthquakes were determlnedv
on the assumption that. -seismic waves propagated- in sinusoidal” form w1th a- i
shear wave ve1001ty. Horizontal acceleration considered on the design bed-
rock surface was taken .as 150 gals 1n accordance w1th pr0v151ons in
"4 Design Earthquake Ground Motions." _ L )
Sectlonal forces were calculated for two cases, i €y when the Wwave
1engthes of selsmlc motlons were selected 80 as to make the sectional S
forces max1mum and when the wave 1ength of se1sm1c motions were assumed to
be 4 tlmes of the depth of subs011s above the bedrock surface, and in the
latter case, superp051ng of stresees due to ax1a1 force and bend1ng moments

were examlned. The dlstrlbutlon of the max1mum sectlonal forces calculated
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by the seismic deformation method are shown in Fig. 12. 1In this figure,
the results of earthquake response analysis to be mentioned in the next
pavagraph are also indicated.
4.3 Barthquake Response Analysis

In the earthquake response analysis, sectional forces induced in the
tunnel were analysed by assuming that subsoil was modeled by spring-mass
system, the submerged tunnel was a rod or a beam system supported elasti-
cally by the subsoils and by applying to the bedrock 4 earthquake ground
motions shown in Table 6 and the averaged response spectral curve (Public
Work Research Institute, Ministry of Comstruction, 1970, bedrock) - The
max1mum acceleratlons of the 4 earthquake ground motlons were, prescrlbed to
be” the same maximum accelerations when they were recorded. " The maximum
acceleratlon of the averaged response spectral curve was prescribed to be
150 gals. B Co ’

Iheusamevnaturaleperdod of subsoils, damping coefficient, vibration
mode,'sbridéﬂof'the~subsoi1s that supported the tunnel as those usediin the
above mentioned Item 2.2 were used in this calculation. : !

In the response “analysis in the’ vertlcal dlrectlon; the, vertlcal re-~
sponse amplltude of the ground was assumed to be 1/2 of the hor1zonta1 rs-

sponse amplltude of the ground in the perpendlcular dlrectlon to the tunnel

axis.

The dlstrlbutlon of the maximum sectional forces obtalned by the earth-

quake response ana1y51s are shown in Flg. 13.f {/V & ﬁ“ﬂ‘
5. Earthquake Re51stant Ana1y51s of Cross Section’ :

The earthquake resistant analys1s of the.cross section of.the: submerged
tunnel was conducted by using the seismic coefflclent method and by assum-
ing the element per unit length as a frame structure which was supported
elast1ca11y by the  surrounding subsoils. The cross sectlon consequently
designed 1n analy51s is shown.in Fig. 4. :

'forces of the tunnel and overburdens 1n the horlzontal and

Inert
vertical dlrectlons, hydraullc pressure at‘hlgh tlde, active earth pressure
in earthquakesﬁ'anduwelght.of.the cross section of the tunnel were con-

sideredﬁto.be‘acting»foroes?for this purpose.

fficients were determined in accordance with the
provisions of "4 Design Earthquake Ground Motions," such as horizontal
seismic coefficient kh = 0.22 and vertical seismic coefficient k = 0.11.
As for directions of.the vertical seismic: coeff1c1ents, both the cases of

upward and downward directions were examified. *
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Length of Submerged Tunnel °3,340™
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Fig. 12. Distribution of Sectional Forces by Seismic Deformation
Analysis and Earthquake Response Analysis
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Table 6 Earthquake Ground Motions

. Period of Max. Accelep
Epicentral B .
Number | Earthquake Date Recorded | =y | i tance Duration. | ration (gals)
Location (km) .
B Off Nemuro ST B S .
I Peninsula 197346417 ?ﬁgug?l Y 305 (A 45
L Earthquakel . o :
u:“ G HachlJyo L e Kannon~ | . L : ‘
2 i Island 1972.12.% . |- zaki 'v’,7-2ﬂ. i 275 15 10
. Earthquake X (-80 m) | ‘ :
, Off Echi- ff . 'R . :
3 zeh 19634%427 Iwaya 1 6.9 153 ‘9 22
. Earthquake T : -
Tama R R . . .
4 ‘River 1970:9.30 | (235 | us 8 10 6
- Earthquake 1
5 Averaged Response Spectral Curve (Publlc Works Research Instltute, 1970,
Bedrock, h = 20%) :
Note: Numeridals:in:pafénthesie ifidicate  depth where earthquake metien &as recorded.
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Fig. 14 Reinforcement of Tunnel Section

The elastic spring constants which were connecting the submerged. tun-
nel and the surrounding subsoils were evaluated by the coefficients of sub-
grade reaction, and following two cases were, examined.

i = T=. U, 3 =. - 3..
i) KH = KV._ 0.1 kg/cm KS 0.05 kg/cm

ii) When KH, KV and KS were: assumed to be very small

Where KH: Coefficient of horizontal subgrade reaction at the

side walls of the submerged tunnel (kg/cm3)
K :° Coefficient of vertical subgrédefreaction at the
. " . bottom of submerged tunnel (kg/cm3)
" K, Coefficient of shearing subgrade reaction at the

-bottom of submerged tunnel (kg/cm?)
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Appendix.

T

DYNAMIC BEHAVOIR OF A SUBSURFACE TUBULAR STRUCTURE

INTRODUCTION

Initiation of construction of submefged tunnels is recorded in Boston,
U.S.A. in 1893. Since then more than eighty of the submerged tunnels have
been constructed in several countries. In early stage of thg construction,
developments and improvements of the technology and engineering to them were
energetically examined and researched by the field engineers who worked in
the East Coast of the U.S.A. and the Netherlands.

The construction of the Posy Tunnel completed in 1928 in Oskland, Cali-
fornia, U.S.A. is considered as a first trial of tumnels embedded into soft
subgrounds at the site in a strong earthquake region.

Submerged tunnels which are relatively long and light structures to the
diameter and the unit weight of the subsoil respectively are constructed in
soft subsurface layers. In a seismic design, force methods so-called seismic
coefficient methods are able to principally be employed, it however is very
hard to usually apply them because large scale oi the length of the submerged
tunnel would produce tremendously large stresses into the structural system
and subsoil. ‘

Principles of the design against earthquake motions have been proposed
through current researches and applications as follows,

i) principle due to seismic coefficient methods,

ii) principle due to éarthquake response analyses, and

iii) principle due to wave propagation analyses.

The principles of i) and iii) above have been oftenly applied to the
construction, meanwhile the principle of ii) has not employed yet because of
a lack of interpretation to the uniform tunnel embedded in subsoil.

In this paper a new seismic design criteion, seismic deformation anal-

ysis, is proposed based on the wave propagation amalysis.

SEISMIC DEFORMATION ANALYSIS

According to multi~reflection assumption, subsurface ground motion
during earthquskes are attributed primarily to upward propagation of shear

waves from underlying base rocks. In such cases the ground motion induced
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by a Seismic ‘excitation at the base rock: ate considered to be shear defor-
mation ofttheWSubsurface'ground.~‘

"Thé subsurface ground -has varying:dynamic properties in actual spaces,
-then-assuming a simple case of a;uniform soil:profile as shown in Fig.A-1,
amplitude can be estimated as follows, -/ =

R At
where . k: amplitude of ground dlsplacement (cm)

U
T : natural period of subsurface ground (sec.)
‘ A i ’amplltude of base rock max1mum acceleratlon (gal)
S, : normalized ve1001ty response values as, qhown in Flg A-2
The values of S are given by average response spectra for rock bases
evaluated from observed strong motlon acceleratlons._

Assumlng a 51nu501da1 deformatlon of the ground as follows, .

U(x) = Uh sin ( x-FW) : o (A=2)

ﬁﬁ;re 1 : wave length (cm)
@ : phase angle (rad.)
X : variable of the space (cm)
the maximum principal distorsion on the horigzontal plane’)'max can be obtain-~

ed as follows,

v =3 U, (a-3)
Applying the distorsion to the tunnel structure, sectional. forces of
the structure are apparently evaluated as follows,
" piising cosf

co ) ap = T fEA'Uh . (A-4)

| ba? cos?0 oy
Mp = 17 By . (a-5)
8mcostl N
Up =5 EY, (4-6)
where Pap : apparent axial force (kg)
Map : apparent bending moment (kg-cm)
Qap apparent shearing force (kg)
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-t Young's modulus:of the tunnel structﬁrec(kg/cma)
sectional area of thetprincipalsstructurez(cm%)-w

: - .moment of inertia of.the principal -structure (cmu)

e

:  angle between principal-distorsion . axis and the struc-
tural axis (rad.):: . .

The maximum axial force is derived. from Eq. (A L) in the angle ¢ of af4
rad. and the maximum bending moment ‘and shearlng force from Eq. (A-5) and
Eq. (A-6) in the anglé 0 of zevo, o

The tunnel has’ larger rlgldltieé than the shrroﬁnding sﬁbsurface ground,
accordlngly ‘the behavlor of the “tunnél structure 'is hot ‘same ‘as that of sur-

: roundlng subsurface ground. ’ '

Assumlng the structure as an enbedded rod or béam sﬁpﬁorted on elastic
foundations, a reduction effect of deformations of the ‘structure to the"sur-
rounding subsurface’ ground ‘can be found. The reductlon ‘factors whlch give
real sectional forces applying. to Egs. (A=4), (A-5)  and (A-6) are expressed

as follows,

oy = ———%9;— i'for Eq. (a-h)y - ’ (A-7)
1+(_:)2 T - - g B
A,]Q BN
a, = —~—J—;~ for Egs. (A-5) and (A-6) a (4-8)
1+( )4

where £ =/2 I: apparent wave length in the case of 0 = ﬂ/h rad. (cm),
o >\ /K1/EA (1/cm)’ '
7\ K2/EI © o (i/em)
K1 :  Jlongitudinal stlffness property of elastic foundatlon
per unit- length of principal structure (kg/cm )
K : transeverse stiffness property of elastic foundation per
unit 1ength of pr1nc1pa1 structure (kg/cm )

Accordlngly the real forces are evaluated as: follows,

7EA

Prag g By o (A-9)
La?EL
M=o Uy , (4-10)
.. 8mPEL o
R=a =13 Uy . (A-11)




where P
M

FEESENAR o RS

. .From ‘Egqs. -(A=9),

the :wave ‘lengthes are:

. where B VIR

LQ H

Consequently the

become. as follows, :
Px. =

I M¥

4@ A

Q*

axial forceﬁi

bending momenf

shearing force . Lo . . .
(A=10) .and :(A-11) maximum forces are obtained provided

estimated as follows,

1 2n

~(A-12) -
'Y
.2n (A-13)-
M ‘
1.2n R : (a-1b)- -

I3

wave -length which makes the axial force of Eq. (A-9)

~ maximum (¢m) |

wave length which mekes the:bending moment of Eq. (A-
10) maximum (cm) v o .
wave length which makes the shearing force of Eq. (A-
11) maximum (cm)

sectional forces of Egs. (A-9), (A-10) and (A-11)

/K-EAU S : (A~15):;
Jx S°EL Uy AP - - .. (a=16)

4 "EL U, : (A-17)

EARTHQUAKE RESPONSE ANALYSIS5)

ﬁssuminé the ‘subsoil as lumped mass system and the'Submerged tunnel as

elastically supported

rod or beam on the ground, the displacement and sec-

tibﬁal forces of structure are calculated by the seishic exitation at the

base ‘rock .

In ‘the’ response analysis of ground, ‘it is assumed that the’ natural fre-

quency of the ground is not ‘affected by tlie éxistence of a submerged tunnel.

This‘analysis bases on the ununiformities of thebgeometr), geology, stratum

of 'the ground, therefore no sectional forces are developed in the tunnel

embedded in the unlform Subsoils in pr1n01p1e.
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NUMERICAL EXAMPLE

The submerged tunnel is assumed to be 3,340m long and rectangular sec-
tion with 44.2m width and :13m height."These'diménsions are-deternined-with
reference to the preliminary design of proposed Tokyo Bay. Crossing Highway. :

The elements of tunnel are treated to be connected rigidly and the
tunnel is free from the ventilation tower.

The layer under 30 to 4Om from the surfacéyis estimatéd as the base
rock. The rigidities of subsoils are evaluated from the unit weights -and
the de51gn shear wave velocities which have been taken as one-half of the

17)

small -amplitude seismic wave velocities. Damplng ratio is determined to

be 20% by considering the shear strain level dufing éarthquake.7)

- The subscils consist of two or three layers with different shear wave
velocities. For these cases the natural period of these subsoils have been
estimated by assuming the subsoils . as. uniform soil layer with converted

shear wave velocities,s) that is,

Ly
i

(4-18)

.T= = 2
sc. i 'si

where, H and Vsc are the overall thickness (cm) and converted shear wave
velocity of subsoil (cm/sec) respectively. Hi and v, are thickness and
design shear wave velocity of the i th layer. respectively.  The natural
periods of the subsoils are about 1.0 to 2.5 seconds.

The stiffness properties between tunnel-and subsoil K1jand K2 are esti-
mated by considering the tunnel to be rigid rectangular plate on the semi-

finite elastic body as follows,
K, = K, = @ (A-19)

where, G is the average shear modulus of subsoil evaluated from unit weight
and de51gn shear wave ve1001ty. )

In the seismic deformatlon ana1y51s, the base rock acceleratlon in Eq
(A-1) is taken to be 150 gals. U, in Egs. (A-9), (A-10) and (A—11) is taken
to be the displacement at the center of gravity of tunnel and this is obtaln—
ed by the shear deformation mode presented in Fig. A- 1.

In this case, comblnatlon of axial forces of the structure due to a
couple of waves whlch propagate orthogonally through the x-y plane in Fig.

A-3 is treated by root-mean-square principle. The sectional forces near
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the both ends of the tunnel are corrected to: satisfy the boundary:condition
that the tunnel is free from the ventilation tower.

In the earthquake’ response analyses, four different earthquake waves
and one average response spectrum as shown in Table A-1 are employed. These
four earthquake waves are selected almost for. following reasons,

1) The soil - conditions at the recorded places are similar to those

of base rock.

&) The - earthquake waves to be recorded near the construction site of

the tunnel.

(3) The epicentral distances and magnitudes of earthquakes can”be

classified into following three categories,
(i) ' large earthquakes with long epicentral distances
0ff Nemuro Preninsula Earthquake (M=7.k, D=<305 km)
Hachijyo Island Earthquake (M=7.2, D=~275 km)
(ii) medium earthquake with medium epicentral -distance
Off Echizen Cape Farthquake (M=6.9, D=153 km)
(iii) small earthquake with short epicentral distance
Tama River Earthquake (M=4.5, D=8 km)

Thermakimum base rock accelerations have been taken as‘same as'the
recorded, max1mum acceleratlona, ‘that is, normallzatlon of maxlmum accelera—
tions w1thout taking account of the characteristics for the magnltude and
epicentral distance is avoided. However the results with normalizing the
maximum base rock acceierations to be 150 gals are also oBtained to coﬁpare:
the response level of the sectional ferces. v ’

In the earthquake response analysis using the average response spectrum,
the base rock acceleration is taken to be 150 gals. ) v _

) The coefflclents of response acceleratlon (per unlt acceleratlon, damp—
- ing ratlo h=20%) for the four earthquake waves and average response spectrum
are presented in Fig,A-h. 7 7 '

Numerical Results for the sectlonal forces developed in the submerged
tunnel are shown in Fig.A-5, Fig.A-6 and Table A-2. Fig.A-5 shows the com-
parlsons of distribution of sectlonal forces estimated by seismic deformation
analysis using Fq. (A-15). to Eq (A-17) and earthquake response analysis using
average response spectrum, F1g.A—6 shows the comparisons of distributions
of sectional forces estimated by earthquake response analysis using the four
different earthqueke waves, Table A-2 shows the estimated maximum values
from Fig.A-5 and Fig.A-6, ‘
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From these:.numerical. results, following inclinations:are. observed,

(1) the sectional forces evaluated by'thé earthquake response anal=

© . ysis“are smaller than those evaluated by the seismic deformation
- analysis,

(2) in- the earthquake response analyses; the sectional forces of
tunnel embedded almost uniform subsurface ground become very
small.

Next, in order to compare the response levels, the sectional forces with
normalized the base rock maximum accelerations to be 150 gals are presented
in Table A-3... In Table A-3,. two cases of the axial forces evaluated by
earthquake response analyses are larger than those estimated by seismic de-
formation analysis. However.the normalization of base rock accelerations to
be 150 gals without. taking account of magnitudes and epicentral distances
corresponds to trémendously large earthquakes which may be considered not to
occure. The appropriate treatments for these cases have the necessities for

more detailed researches.

NATURAL FREQUENCIES OF SUBSURFACE GROUNDS DUE TO MODEL TESTING

Model vibration tests of submerged tunnel and surrounding subsoils have
been conducted. ' ) o

The model subsoil consists of five layers with different shear moduli
and the ratio of shear moduli between the stiffestblayer and the softest
layer is about 1:13. ‘ B

The model base rock has been excited by'sinusoidal waves with varying
frequencies from O to 20 Hz (these frequencies correspond to O to 4 Hz in
the actual ground). “The displacement amplification factors for each fre-
quencies are obtained by dividing the response displacements at model ground
surface by the ones at the base rock. One of the diSplaceﬁenf amplification
factors is presented in Fig.A-7. The most predominant frequency is about
5.9 Hz.

The natural frequency of this model subsoil‘éstimaféd'by Eq. (A-18) is
about 6.8 Hz. Therefore the relative difference with the test's result is
about 13% even in this case. »

The first natural fréquency evalﬁaféd fme‘plaue strain finite 2lement
analysis for cross section of model subsoil is about 5.5 Hz. The relative

difference with the test's result is about 8%.

T




From these results, the accuracy in- estimation of :natural period men-

tioned previously is reliable.

CONCLUSIONS

A seismic deformation analysis is proposed and results of earthquake
response analysis interporate it through an application to the longitudinal
analysis of a submerged tunnel. From these results it is concluded that,

(1) In the earthquake response analysis of lumped mass system, the
sectional forces of the tunnel induced by the large earthquakes with long
epicentral distances are larger than those by small earthquake with short
epicentral distance, because of the comparatively long natural period of the
subsurface ground.

(2) In the earthquake response analysis, no sectional force of the
tunnel embedded in the uniform subsurface ground ié principally developed,
accordingly the some trend is given in the numerical results.

(3) In the seismic deformation analysis, the sectional forces of the
tunnel embedded in the uniform subsurface ground can be obtained assuming
the appropriate wave length.

(4) The model testing is a usefull method for evaluating the dynamic

behavior of subsurface ground with geological and geodetic properties.
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Table A-1 Four FEarthquake Waves and a Average Response Spectrum

) 1)2) Epicentral Duration Recorded Max. - 3)
No. Earthquakes Recorded Time | Recorded Place Magnitude Distance (sec) Acceleration Class
. : (Km) (gal)
Off Nemuro Peninsula ’ .
1 Earthquske 1973. 6.17 Shizunai(~40m) 7.4 305 12 45 A
Hachijyo Island : (o '
2 Earthquake 1972.12. 4 Kannonzaki(-80m) 7.2 275 15 10 A
Off Bchizen Cape T )
3 Earthquake 1963. 3.27 Twaya 6.9 153 9 ‘ 22 B
Tama River . .
% | Earthquake 1970. 9.30 | Kawashaki(-127m) 4.5 8 10 6 ¢
5 Average Response Spectrum

Remarks 1. Kannonzaki and Kawasaki are the places near construction site of Submerged Tunnel.

2. Recorded depth from the ground surface is presented in the parenthesis.
3. TFour earthquake waves are selected due fo fdllowing three categories.
Class A: iarge earthquake with long epicentral distance
Class B: medium earthquakeiWith médium;epicentral distance

Class C: small earthquake with short epicentral distance




Table A-2 Sectional Forces of Submerged Tunnel

Seismic
Earthquake Response Analysis Deformation
Analysis
Off Nemuro Hachi jyo Off Echizen Tama Average Average
Earthquakes Peninsula Island Cape River Response Response
Earthquake | Barthquake | Earthguake Earthquake | Spectrum Spectrum
Damping Ratio 0.2 0.2 0.2 0.2 0.2 0.2
Maximum Base Rock y
Acceleration (gal) 45 10 22 6 150 150
Axial Force (t) 19,900 3,750 2,450- 180 15,400 20,600
Bending Moment (tm) 119,000 23,800 13,400 1,120 259,600 k1,700
Shearing Force (t) 1,230 260 150 10 2,760 8,500

Table A-3 Sectional Forces of Submerged Tunnel

(maximum base rock accelerations are normalized to be 150 gals)

R Seismic
Earthquake Response Analysis Deformation
: Analysis
Off Nemuro Hachi jyo Off Echizen Tama, Average Average
Earthquakes Peninsula Island Cape River Response Response
Earthquake | Earthquake | Earthquake Earthquake |- Spectrum Spectrum
Damping Ratio 0.2 0.2 0.2 C 0.2 T oo.2 0.2
Maximum Base Rock
Acceleration {gal) 150 150 150 150 50 150
Axial Force (t) 66,300 56,300 16,700 14,500 15.400 20.600
Bending Moment (tm) 396,700 357,000 91,400 28,000 259,600 4ha 700
Shearing Force (t) 4,100 3,900 1,000 . 250 2,760 8,500
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KAWASAKI SIDE

. Length of Submerged Tunnel 3,340™
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{c) Shearing Force (1)
[Seismic Deformation Analysis
using Eq. {I5) to (I7}

[F rihquoke Response Analysis using
Average Response Spectrum

A-5 Distribution of Sectional Forces by Seismic Deformation
Analysis and Earthquake Response fAnalysis
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Tunnel Length = 3,340™
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