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R.G.T. LANE, B.Sc., F.I.C.E., F.I.E.Aust.
Sir Alexander Gibb & Partners,

Reading,

England.

PROBLEMS IN ASSESSING THE EFFECTS OF EARTHQUAKE ON DAMS

It is difficult to assess future ground motion affecting large structures,
failure of which would be catastrophic. The behaviocur of mass concrete, and
of earth and rockfill in embankments when subjected to earthquake is not well
defined. There are few records of the effects of earthguake on dams.
Extrapolation from model testing needs verification. The paper presents the
problems and proposes further studies.

LA DIFFICULTE D'ESTIMER L'ACTION SISMIQUE SUR LES BARRAGES

Il est difficile d'estimer les mouvements futurs du terrain qui pourraient
affecter des ouvrages de grandes dimensions dont la rupture serait catastroph-
igue. Le comportement du béton cyclopéen, et des masses de terre et des
enrochements dans des remblais, sous l'action de forces sismiques n'est pas
bien défini. Il existe peu d'archives ol sont enregistrés les effets des
séismes sur des barrages. L'extrapolation des resultats d'essais sur modéles
réduits demande & étre verifiée. Le présent article presente les problémes
et propose des etudes a poursuivre.

DIE BEURTEILUNG DER AUSWIRKUNG VON ERDBEBEN AUF DiMME

Die Einwirkung von zukinftigen Erdbewegungen auf grosse Bauwerke, deren
Zusammenbruch zu einer Katastrophe fiihren kdnnte, kann nur mit Schwierigkeiten
eingeschitzt werden. Das Benehmen von Betonmassen, und von Erd~ und Stein-
schiittung in Ddmmen wird unter Erdbebenbedingungen nicht wohl erkannt. Es gibt
wenige sorgfdltig zusammengestellte Erfahrungen der Wirkung auf Talsperren von
Erdbeben. Der Ubergang in die Praxis von Modelluntersuchungen muss nachgewiesen
werden. Im Papier werden die Probleme dargestellt und weitere Untersuchungen
vorgeschlagen.
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CHAPTER 1 - DETERMINATION OF GROUND MOTION

l.1 Introduction

It is quite clear that it will never be possible to forecast the actual ground
motion which will occur at the dam site due to a future major earthquake
occurring close to site. It is therefore necessary to chcose for design
purposes an input of ground motion or force which will have a similar effect
on the dam and the associated structures.

1.2 Pseudo-static methods

It has been known for many years that the simple pseudo-static approach using
a seismic coefficient (a percentage of 'g', the acceleration of gravity)
applied as a horizontal force, does not give a realistic answer when compared
with a full dynamic analysis. A compromise solution can be adopted - such as
that included in the U.S.S.R. regulations (ref. 1) in which a specified
magnification of accelerations with height above ground is taken into account
- but even this is not considered adequate for a large important structure
for which failure could be catastrophic. A full dynamic analysis and model
tests are recommended.

1.3 The problem

A two-fold problem is therefore presented :-

- specification for ground motion which is both realistic and is in a form
which can be used in the computations,

- estimation of maximum magnitude (amplitude) of this motion.

1.4 Response spectrum method

.

It may be mentioned here that the "response spectrum" approach (ref. 2) as
proposed for buildings has not yet been proven for large dams.

1.5 Design methods

The method often recommended uses an actual (or synthesized) ground motion
based on records from a recording station which is considered from
seismological and geological investigation to be similar to the dam site. The
record may be scaled to have the maximum amplitude, predominate frequency and
duration estimated as appropriate to the site (ref. 3). This requires skilled
assessment by the Seismologist, Geologist and Engineer working together. Some
dam designers have chosen to assume "white noise" with an estimated spectral
density (ref. 4). The methods of computation which are used estimate (as

well as the input data will allow) :

- principal stresses in the case of concrete dams,

- stresses and deformations for embankment dams,

In the latter case, some design methods use a finite element approach leading
to the examination of critical zones where high shear stress could result in

deformation (ref. 5) and others examine the conditions at critical slip
surfaces (ref. 4 and 6).



Iv.3

CIRCLE SAFETY FACTOR

STATIC SEISMIC
’ .53 103 S
2 1.20 0.92 oy
3 ;.42 1.0¢
4. 1.40 1. 00 B

CALCULATED DISPLACEMENTS (arren rorove €1 ar)

Fig. 1

1.6 Further study and research

It is quite clear that further study and research are necessary before an
agreed method of design can be recommended - indeed, it may be necessary to
recommend more than one approach. For example, it is possible that different
types of failure will krecome critical for different dams, or even for the same
dam. Research work is in progress in many countries which includes the testing
of existing dams using man-made vibrations (explosions), and instrumentation to
record the effects of actual earthquakes. This will greatly improve our
knowledge of dam behaviour within the elastic (or low-level stress) range.
Further study of actual dam failures is also necessary related to the seismic
events causing the failure and efforts are being made through the International
Commission cn Large Dams to assemble as much information as possible. For
example,

1.6.1 - It is likely that the direction of approach of the ground wvibration
(horizontal, vertical or intermediate) will have a significant effect. Up'to
now vertical components of ground motion hawve usually been either neglected, or
included in the design computations in an arbitrary manner; but there is
theoretical evidence that the distribution of tensile stresses in an embankment
due to vertical vibration is different from and perhaps more likely to be
critical than due to horizontal vibration. The effect of vertical vibration on
the stability of an unreinforced mass concrete structure is also likely to be
significant.

1.6.2 - Examination of the frequency content of natural earthquake at the site
could show resonance ard the risk of causing resonance in the structure. For
example, analysis of the ground motions recorded by instruments at the Lar
scheme (embankment dam, tunnels etc.) in Iran has shown natural site resonance
at Kalan at a frequency of about 3Hz. Also the frequency content of earthquake
depends on gecoleogy, anc on the distance to, and depth of the event. As another
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example, Ambraseys has shown that the acceleration response spectrum of the
north-south component of motion in the Bucharest earthquake (March 4th, 1977)
had an unusually long-period maximum, and structures with corresponding natural
periods were worst affected (ref. 7). There is need for a better understanding
of the relative effects of focal distances and depths on strong ground motion
at sites of structures, both in regard to intensities and durations.

1.6.3 - The mode of failure needs critical examination, and the mathematical
model should be able to demonstrate it. For example, earth slopes and escarp-
ments can fail by lurching - i.e. the appearance of vertical cracks running
parallel to the contours. Some embankment dams have failed in this manner.
The seismic, topographic and soil conditions which lead to this phenomenum
require further investigation.

1.7 Seismic Zoning

For the purpose of regional planning in earthquake areas, the procedure of
"seismic zoning" is adopted. Maps are prepared which usually divide the
territory into zones corresponding to macroseismic intensity related to
seismic coefficients tabulated in a code of practise. In recent seismic zoning
the "intensity" is further specified on a "probability of occurrence" basis.
This does not take into account local geologic or soil conditions, and at the
scale of individual developments, micro-seismic zoning of the sites is
required. It is a subject for discussion and further consideration as to which
parameters should be shown on the microzoning maps, particularly for the sites
of dams, where the engineer is interested in amplitude, frequency content and
duration of ground motion; also the risk of soil failure with possible
landslide, settlement or liquefaction.

1.8 1Induced seismicity

Local earthquakes have sometimes occurred after the impounding of large new
reservoirs. If "large" 1s defined as depth of water exceeding 100 m and volume
exceeding 10~ cu. metres, then statistics indicate that this has happened in
one out of every 14 such reservoirs. Magnitudes have in some cases exceeded

6 on the Richter scale.

These events may occur close to the dam and at shallow depth. They are
therefore potentially dangerous even though the magnitude is not great; and
at present there is only limited knowledge about the nature of such ground
motions. It is probable that smaller, but important structures associated
with the dam may be at greater risk than the dam itself (ref. 8).

CHAPTER 2 - MATERIALS

2.1 Concrete dams

2.1.1 The various gravity types and arch dams of concrete are built without
general reinforcement, and the design for static conditions ensures compressive
stresses throughout with few exceptions. Variable loading, the effects of
temperature changes and gradients, and the variations in moisture content
through the concrete often leads to minor cracks, usually at the surface and
not very deep.

2.1.2 The addition of rapid and repeated stresses from earthquake can cause
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new cracks or the propagation of existing cracks. On the other hand, materials
are able to withstand higher stresses when the rate of application is high. At
the present time the behaviour of concrete under these conditions is not well
known.

2.1.3 The overall stability and safety of a structure subjected to earthquake
depends on its ability to deform beyond the elastic limit without permanent
damage, thus absorbing energy. Again there is little information available
about the behaviour of mass concrete under these conditions.

2.2 Slopes and embankments

2.2.1 Natural slopes and embankments are prone to damage by lurching or
landslide when subjected to earthquake. Lurching may be a failure in tension

or perhaps shear between columns of material vibrating independently. Landslide
is failure in shear, and the effect can be much worse if liquefaction occurs.

2.2.2 The properties of materials used for embankment dam construction include
the following :-

- Deformation which is not reversible

Significant wvolume changes

Properties which change under wet conditions

Properties which depend on previocus stress history

2.2.3 The deformations therefore depend on the combined static and cyclic
conditions of loading, and the laws governing the behaviour of these materials
in a three dimensional static stress field when subjected to rapid and repeated
stresses, as from earthquake, are not yet fully understood. The representation
of soil properties as a visco-elastic continuum is not complete,

2.2.4 Two other particular aspects should be included in further investigations:
- The inertia effect which enables a soft material to resist a sudden blow,

- The failure which occurs at the tensicon phase of a stress reversal.

CHAPTER 3 - STRUCTURES

3.1 Structure stability

The stability of a structure when subjected to earthquake is largely determined
by its ability to withstand stresses beyond the elastic limit. This implies
that there will be permanent deformation under severe conditions, as stress
beyond the elastic limit leads to some strain which is not recoverable. It

has even been suggested that concrete and steel structures should be designed
with a factor of safety based on allowable deformation.

3.2 Concrete dams

3.2.1 Concrete dams are a special case in that unreinforced mass concrete is
used. The risk of cracking and crack propagation has been referred to above
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~ but perhaps the greater risk is that movement will take place at construction
joints. This is clearly dependant on stress across the joints, and high
compression - as for example in a fully loaded arch dam - is going to reduce
the risk of movement - either opening or sliding at the joints. It seems
therefore that design should particularly take account of vertical dynamic
forces combined with horizontal forces, and especially in the case of arch dams
(when unloaded) and gravity dams.

3.2.2 Examples of damage to concrete are :-
- Koyna (Maharashtra, India), a concrete gravity dam, which developed horizontal

cracks on both upstream and downstream faces at about the level of the change
of slope of the downstream face (ref. 1).

0 50 wom |0 50 00m
|—— s S . | A
————— CONSTRUCTION ———— | EARTHOUAKE T 00m
d COMPLETE 1962 J DECEMBER 1967
. CORACKS BETEEN ﬁ CRACKS AT THIS LEVEL
THESE LEVELS

SPILLWAY RELATIVELY
CRACK FREE

KOYNA DAM s INDIA

Fig. 2

- Murayama - Upper dam (Japan), an embankment dam, but the parapet wall
developed a horizontal crack through it, and some of the concrete facing
blocks above water level moved. (ref. 1)

3.3 Embankments

3.3.1 Some embankment dams have been damaged by the development of approxim-
ately vertical cracks parallel tc the axis of the dam (e.g. Ono dam, Japan,
Murayvama Lower dam, Japan, and Otani-ike dam, Japan). Other dams have
failed by landslide, e.g. Sheffield Dam (U.S.A.) and the Lower San Fernando
Dam (U.S.A.) (ref. 1).
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3.3.2 An analysis of the Sheffield bam failure has been given by Seed, Lee &
Idris (ref. 9) which shows that the assumption that failure would occur on the
arc-of-a-circle surface of minimum factor of safety gives a mode of failure
very different from that which occurred. A dynamic response analysis using
soil strength parameters based on cyclic loading simple shear tests and a
finite element analysis, including a study of the liquefaction potential near
the base of the embankment, give a mode of failure apparently in accord with
the behaviour of the dam during the earthquake. It would, however, be
interesting to study the alternative possibility that verticle cracks preceeded
the slide failure, as it is recorded that "After examination by several
prominent engineers, the conclusion has been reached that the base of the dam
had become saturated, and that the shock of the earthquake had opened vertical
fissures from base to top; the water rushing through these fissures simply
floated the dam out in sections".

3.3.3 It will be noted that the failures referred to have occurred in
embankment dams constructed before the days of controlled compaction. Typical
modern large dams have cores able to withstand limited tension, and shells
which can take almost no tension, but compacted to a friction angle in the
forties compared with the low thirties of an older dam. I have no knowledge
of any modern embankment dam damaged by earthquake, but this does not mean
that damage could not occur, as such dams may not yet have been subjected to
strong shaking.

CHAPTER 4 -~ NEW STUDIES

4.1 Throughout the world engineers and experts in associated disciplines are
engaged in study and research on the seismic aspects of dam design. A
committee of the International Commission on Large Dams on this subject is
supported by working groups in many countries. The time has come for a
reappraisal of the “state of the art", and I put forward the following
recommendations :-

4.2 Case histories and factual data should be assembled concerning the response
of dams to earthquake. The record should include :-

Seismicity

Geological conditions

- Materials behaviour

Structure behaviour.

4.3 study the stress, strain and deformation of concrete dams when subjected
to vertical and horizontal vibration, and the combination of these most
detrimental to stability. Relate to case histories and establish optimum
shapes and layout of structures; consider the use of post-stressed or other
reinforcement where appropriate.

4.4 Consider embankment dams as part of the landscape and examine the effects
(stress, strain and deformation) of vibration approaching from below or
horizontally, and the combination most detrimental to stability. Relate mode
of failure to case histories and establish optimum shapes and layout. Consider
use of stainless steel strip or other reinforcement of the embankment where
appropriate.
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Continue research into behaviour of materials of construction subjected

to rapid and reversal stresses as from earthquake. The risk of liquefaction
can be avoided by appropriate specification for the materials and methods of
placing embankments, but there may be a risk associated with in-situ materials.
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THE CONoLQUENCss O PabllaLby GhQUTED JOLINTSH UVONR
THE a”CH Dav o1SMHIC BullAVIOUR

LYEPFECT D& L'INJECLION PARTILLLS s JUOINTO ok L
COMPORT EMENT SIoMIGUb LLS BAKRAGES-VOULLES

DIE EINWIRKUNG DB TEILEINPROSSUNG VON BalUrUGD
AUF DAS EHRDBEBENVAIRHALTSEN Distc BOGLNLTAUMAULRE

. - 2 % Y . KEX
Radu Prlscux, Adrian Popov1c1x*,Constant1n Stere

SUMMARY -kisS UNE-ZUSAMMENFASSUNG

By partially grouting some contractior joints, several favoura-
ble changes in arch dam seismic behaviour may occur. In this pa-
per, a numerical study of the seismic behaviour of a large arch
dam in Romania ie boing carried out, through the finite element
method,following the hypotheses of a monolithic-continuous struc-
ture and,comparatively,of different dam joints grouting schemcs.
Some remarks related to the geismic behaviour of this large dam
during the recent Vrancea Earthquake of March, the 4~th 1977 are
also included.

L'injection partielle des joints entraine des modifications favo-
rables sur le comportement sismique des barrages-voutes. bans
l'cuvrage, tout en employant la technique des eléments finis, on
analyse le comportement sismique d'un grand barrage en Roumanie
4 partir d'une hypothése sur la structure monolithe et comparati-
vement en différentes variantes d'injection des joints. On y fait
egalement des remarques sur le comportcrent de ce grand barrage
an recent tremblement de terre Vrancea, 4 mars, 1977.

Die Teileinpressung von Baufugen fithrt zuvorteilhaften Anderungen
beim Erdbebenverhalten der Bogenstaumanern. auf Grund der Methode
der finiten Elemente, wird in der Arbeit das Erdbebenverhalten
einer grossen Talsperre in Rumanien untersuacht, unter der Voran-
setzung einer einheitlichen Manerwirkung und vergleichend fir
verachiedene Einpressvarianter der Fugen. Gleichzeitig wird eine
Diskussion lber das Verhalten dieser zrossen Talsperre bei dem
Kiarzlich stattgefundenen Erdbeben (in Vrancea),vom 4 Mirz 1977.

x Dr.Doc.Eng.,Professor,bepartment of Hydraulic Structures,Head,
Civil Engineering Institute of Bucharest, :omania.

%% Dr.BEng.,iteader,lepartment of Hydraulic structurecs,
Civil Engineering Institute of Bacharest,iomania,

x¥% Dr.Eng.,assistant Proflesscr, Depuartment of Hydrawnlic ostructa-
res, Civil Engineering Institute of [uchurest, ncomunia.
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{THE CONSEQUENCES OF PARTIALLY GROUTED JOINTS UPON

'THE ARCH DAM SEISMIC BEHAVIOUR ;

R.Priscu, A.Popovici, C.Stere

One usually considers, through a current static and dynamic ana-:
lysis, the arch dams as being monolithic structures with a line- t
-ar-elastic behavioamr [1], [2], [3]. However, the arch dam construe~
tive make up of blocks separed by grouted joints leads to some pe-+
callarities somehow differing frome of the scurrent adopted model;f
thus, although grouted, the Jjoints have a limited capacity of ta-{
king over the tensile and shear stresses. Therefore, when the sta+
te of stresses in the arch dam Joints exceeds their tensile or
shear strength, o reciprocal sliding of the joints or their opo—;
ning may occur and, consequently, the dam structure is being de-|
prived of its monolithie character. i

{

,Recently, several papers [4], [5] have dealt with the consequen—
écoa of partially groanted Jjoints upon the arch dam seiamic bahavi-i
jour. Following some model experimental research, they have pat
‘into evidence the antiseismic efficiency of a dam constrnctive sy-;
:8tem characterized by preserving about 4 + 5 ungrouted joints owmﬁ
ithe npward one fourth of the dam height, the dam continunity at 1tq
crest being performed through a reinforced belt. The above nyston‘
has shown some higher damping capacities against the dam struct :
with completely grouted joints (increasing 2 + 3 times the frao-
tion of eritical damping) and a more favourable distribution of
‘the dam response seismic stiresses [4]

. g

In this paper, the behaviour of a Romahian large arch dam is nua-’
merically simmlated through the finite element method, by exami-
ning several dam constructive solations with completely and parti-
ally grouted joints. Also, some interesting aspects related to
this large dam seismic behaviour during the Romanian earthquake oﬂ
Vrancea, 4 March 1977 are being commented upon.

l. THE COMPUTING MODEL

By the details of Figure 1 one presents the mapping plan and seve-
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ral geometric elements of the Vidraru arch dam, taken up as a phy-
sical support for simulating the different constructive variants
of our study. The Vidraru double curvature arch dam, built up on
the Arges river and put into operation in 1965, is at present,the
highest dam in Romania. It has the maximum hight of 166m and the
crest length of 292 m. The dam body has a slight geometrical skew-.
ness, being more developed at its upper part next to the left bank.

e vy
by Farthquoke
\.\ nter

e

Area of Earthquake
maxim. impact

thickness
30(m)

Fig. 1 Vidrarua dam: a-the dam site related
to the Vrancea eartiuake epicenter, b- dam
mapy ing plan and specific geometrical ele-
ments, c-thin shell-type finite element
discretization network.
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. The disoretizing of the structure has been carried out with finite
|elements of C.FELLIPA-R.W.CLOUGH thin shell type [6] which repro-
Ednca the dam mean surface (Fig.l,b). The quadrilateral element of :
.an arbitrary geometry may be obtained by assembling four compati- |
ble triangles. Finally, the finite element used has 20 degrees of
freedom, 5 degrees on each node, defined with reapect to the ole-
'mean$ local coordinate system (one disregards the local torsion :
within the element).

‘The ceconsidered oconstructive variants of Joints grouting and the
3corroeponding discretization networks are presented in Figure 2. i
In faqt, the folowing three cases have been accurately investiga- '
ted: dam joints completely grouted, 5 ungrouted joints between the
elavations 166 and 102 and reinforced belt at the dam crest, 5 un-
grouted joints between the elevations 166 and 102. In nature, thei
conslidered structure has got ocomplete grouted joints. The latter .
vase has mainly served as teeting model, by comparing its computed
htresaoa and displacementa with the Vidraru dam field measured ones;
the relative changes which occour in the partially grouted structu-~
*e have alsc been related to the monolithic dam case, The nngrou-§
ted Joints have been reproduced by using double neighbouring nodes
6onnooted with beam-type elements of a reduced siiffness. Thus,the‘
‘eontiguouns dam blocks work independently under tension loads and
Jointly concar in taking over compressions.

S g0 2920 B0 C oy
TV ATl RNV
V '\ \ Yy
V4
174

Pig. 2 Dam joints grouting schemes:

a=-complete grouting, b~partial grou-

ting and cregt stiffening belt , c~
partial grouting.
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The reservoir water effect has been considered on the additional
masses principle, by following the incompressible water hypothe-

sis. Those additional masses (Mi)’ perpendicularly applied on the
dam surface, have directly been determined from the velocity po-
tential function (y): [M;] =[¢fs\p ds], where ¢ is the water

density and S; 1is the i-node affdcted part of the dam upstream

face.

The velocity potential function has numerically been determined
through the finite elements method on a spatial elaborated network
which reproduaceg the geometry of the reservoir-arch dam system.
The dam upstream face is approximated with a cylindrical surface
and the lake being with a prismatic shape. The N function is
strongly dependent on the earthquake direction and dam~reservoir
system geometry as well [7] . The velocity potential function va-
riation is presented in Figure 3, for the Vidrarau dam symmetrized
halfstructure; the plotting 1is given for horizontal earthquakes
both directed along and transverse the valley and for vertical e-
arthquake as well.

a. D. C.
SoL2=ME- = B o e

e

Fig. 3 Variation of velocity potential function

on the Vidraru dam halfstructure subjected to

earthquakes on the directions: a-horizontal,alag

the valley, b-horizontal, transverse the wvalley,
¢c~vertical.

The seismic analysis of the already mentioned variants has been
carried out through the modal analysis with response spectra,by
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ifollowing the structure linear - elastic behaviour hypotheais. Iﬂ
‘the dynamic analysis, the rotatory degrees of freedom are being
'eliminated by static condensation at the computing level of the
total stiffnes matrix; no translatory degrees of freedom on the
vertical are being considered. The additional masses are computed
for the direction of the dynamic degrees of freedomj; the dam ma-
sses matrix and the additional masses matrix are both considered
as being diagonal. The dam total response is computed through 'h
Rosenblueth probabilistic relationship. 1

The excitation of the studied systems is being oonsidered under |
the form of response seismic spectra, scaled up with a computing?

.acceleration of 0.1 g accerding to the seiamic standard in Roma—i

nia. Comparatively, computations bhave been carried out with theg
response spectra set out on the basis of Bucharest recordings ofg
the Romanian earthquake of Vrancea, March the 4-th 1977(Pigure 4L
In conjunction with the Romanien above mentioned earthquake its(
slow oscillatory character should be noticed (seismic oacillataryt
periods of 1.0 + 1.5 8). This aspect conld be explained by the
relatively weak ground (sands and oclays, the groandwater tabls

close to the surface) in the area where records were carried cntB.

s olm/s?)

VRANCEA E-V

KF‘ ameT7
002

VRANCEA NS
LNA9TT——
(Bucharest)

\*\_ P1370/01g ]

- N W s g
V.
%
ZEPN
Q e N W O~ UM O

o,

1 2 3

Flg. 4 The average spectra of the Bucharest
Tecorded Vrancea earthquake of March,the 4-
th 1977 (full line)and the Romanian in for-
ce standard response spectrum (dotted line).
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2. THE SEISMIC AKALYSIS OF VIDHAKU DAM

With the view to making the seismic analysis, the dam structure
has been symmetrized and the analysis was carried out over the dam
halfstructure with 40 horizontal dynamic degrees of freedom. Both
cases of empty and full reservoirs have been considered each for
the input ground acceleration directed along the valley and trane-

vaerae to it.

SYMMETRIC
(5 IF
- ,/L
] =
f1g =354 Hz f2=5.68Hz

; ANTISYMMETRIC
s ‘ e : e
[ 2 /

N

f1g=3.40Hz foq=567Hz f3,°6:30Hz

Fig. 5 Symmetric and antisymmetric
elcenmodes of Vidraru dam for the

empty reservoir condition (Eb =
370000 dal/cm®, y =0.15)

In figure 5, the f:rst three symmetric and antisymmetric vibration
modes are presente. for the dam halfstructure and empty reservoir
condition. When fu’'l reservoir condition is considered, the first
eigenfrequencies h ve values of 1.95 Hz for the earthquake along

the valley and of .21 Hz for the earthquake transverse the vallaey.
However, the obtai ed eigenfrequencies and eigenmodes are within a
range of values no mally met with this type of structures;"in situ"



IV.18

Mt . e MmO e e e 8 N Tt 0 b A 1 AR 8 LA - i b g e A, i oy aen e

.measurements have confirmed them out. The Vidrarn dam first *
elgenfrequency, as measured out in sita for the reservoir water
level situnated at about one half of the dam height, was 2.63 Hz.;
Some resnlts with respect to the dam maximum seismic stresseazum
presented in Figure 6. Thus, for an input of the Romanian actual;
standard seismioc respomse spectrum,scaled up to O.lg and directeq
along the valle;,the maximum seismic stresses are G,= 22 dal/ cm? ﬂ

-26 dsnlcm with the empty reservoir condition,am 0, =31 ddwhm.

-30 daH/om with the full reservoir condition. The same res-'
ponso seismic spectrum but transversally applied has given out .
more reduced unit stresses as G, =6 daN/cmz. Gy daN/omzvith the |
full reservoir condition and G‘-4 daN/cma. G'=5 daH/cmzwith the!

empty reservoir condition.

Regarding the dynamic input of the Vrancea 4 March 1977 earthqua«
ke response spectrum, N-S component and N = 5%, as registred in
Bucharest, maximum seismic unit stresses of magnitudes G,=70

and ©; -51 daN/cm have been computed for the earthquake applied
along the valley. The Vrancea earthquake N-5 component accelero-
gram, on the basis of which the response spectra have been set up,;
‘ipresents the maximum value of 0.24g. By normalizing the Vrancea
N-S8 response spectrum up to a maximum acceleration of 0.l:-g, the
‘maximom selasmic unit stresses have come out to be Gh=29 o2 daNAmF
and O _=21.3 daH/cm o The differences between the unit stresses
gwhich~corroepond to both input response seismic spectra, explain
themselves through the quite important differences existing betJ
ween the dam structure eigenfrequencies range and the Vrancea
earthquake maximum spectral values range.

i

The exemination committee which thoroughly inspected the Vidraru '
dam after the Vrancea earthquake of 4-~th of March, 1977 estimated
the ground motion intensity at the dam site in the range of
VII-VIII M S K [8] ; this estimated seismic intensity would nor-
mally correspond th a maximum acceleration of gbout 0.1l-g. The~

| refore the seismic unit stresses, as computed through our study,
'have been about 25-30 daN/cm2 for full reservoir. Howewver , one
'should expect the dem real selsmic stresses to be less than those
Tcomputed, due to viscous-elastic~plastic actual behaviour of the
| concrete and to some structure dissipative capacities not taken




MONOLITHIC-CONTINUOUS STRUCTURE

EMPTY

downstream
puii=ri 5 i

' :\y‘/\

RESERVYOIR, STANDARD P1370,019

qp‘stre‘nm'_r ] N
?;0} l LL‘Z?);U Ps
\T%'ﬂ
(daN /cm?)

_— compression
——— tension

FULL RESERVOIR, STANDARD FP1370,01g

upstream

{— o —— e
\! P

downstream uPstregm
w

e

(daN/cm?)
—— compression
-—— tension

_downstream

ITTILI

I

-
©
v

ey
-

vertical stresses

{daN /cm 2) '
—— compression

tension

s‘\l
\
-’—.__

-~

I'd

/
FaN
[

horizontal stresses

Pir. 6 Vidraru dam,the monolithic-continuous

atructure:

into consgideration in our numerical mocdel. Furthermore, at
Vidraru dam site, consisting of sound crystalline rocks, it
be lesg probable that the Vrancea earthquake accelerograme
consequently, its response spectra should have oscillatory

Isolines of horizontal and verti-

cal normal seismic stresses.
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the
would
and,
cha=-

racteristics like those recorded in Bucharest. Unfortunately ,
excepting the Bucharest recorded accelerograme,there are no other
recordings of the Vrancea earthquake of March, the 4-th 1977 .

llevertheless, it has been remarcable that the Vidraru arch

dam

should withstand the Vrancea earthquake under best conditions ,

without any damages.
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3+ THE CONSEQUENCES OF PARTIALLY GROUTED JOINTS

The schemes of the dam with partially grouted joints which are to
be investigated have been presented in Figure 2 b,c. In view of

assessing the new state of stresses in the structure, due to con-
structive changes brought in by the proposed grouting schemes

already given, a comparative study was carried out as a prelimi-
nary,refering to the dam main loadings of hydrostatic pressure
and dead weight. In Figure 7, the diagrams of normal unit stresses
(Sh and G; due to hydrosfiatic pressurs are comparatively illu~
strated in the Vidrara dam central crossection. The stresses in
the dam monolithic - continuous structure do agree with those
stresses computed by some other methods [9] and are confirmed by
in nature recordings. By comparison with monolithic structure ,
both a reduction of catilever stresses and variations within broad
limits of arch stresses over the dam ungrouted parts have been
ascertained; however, the unit stresses present a unique grouping
tendency over the dam lower and central parts, for all three wva-
riants. Following that previous static analysis, the case of par-
tially grouted joints and without the upper monolithic belt has
been ruled out because of the'unacceptable stress distributions
over the dam subjected to hydrostatic pressure ; the arch compre-
ssion stresses run up to 110 daN/cm2 over the dam ungrouted part
as the tensile stresses reach 45 daN/em°. '

The seismic analysis of the variant with five partially grounted

Joints and with acrest stiffening belt has shown up the dam struc-
ture become more flexible in comparison with the monolithic dam.

In Table 1 one comparatively presents the first four eigenfrequ-
encies of the monolithic continuous structure and the structure
with partially grouted joints and crest belt as well. The compu-
tations have pointed out that no signifioant differencies would
appear in between the geometrical configuratons assigned to first

| elgenmodes of the two above mentioned variants. Table 1
Hypotesis Variant Firsi{ four eigen-
frequencies (Hz)

monolit 3, . .
Empty reservoir, o 3.54 | 5.68 | 6.08] 7.17

symmetric partially grouted 2.67 ] 3.1 .6
Joints and crest bolt 2| 3-68f5.12

monolit 1.24 | 3.41 | 3.72{ 4.48

Full reservoir,

symmaetric partially grouted 1.39 | 2.21 | 2
Joints and creat belt * -75] 3.92
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In figure 8 there are given out the seismic stresses which taking
place in the structure with partially grouted joints and crest
belt when subjected to a dynamic input of Romanian standard res-
ponge spectrum, asplied along the valley. An evident tendency of
increasing the stresses towards the crest belt is steadily visihle.
At the dam lower part some generally small stress variations are
found, by comparing with the similar case of the monolithic-con-
tinuous structure. For the full reservoir condition, the stractu~-
re with partially grouted joints and crest belt has registred ma-
ximum seismic unit stresses G, =44 daN/ch, o,=34 daN/cmz,thus,
increases of about 1.1 + 1.5 confronted by the equivalent condi-
tion of the monolithic structure. Por the empty reservoir condi-
tion, the maximum seismic stresses are Gh=43 daN/cm2,6}=47'dameE
thus increases of about 1.6 + 2.0 confronted by the similar con-
dition of the monolithic structure. The stress increase is occu-
ring mostly towards the crest belt and, therefore, the need of
reinforcing that crest belt comes out to be most suitable

i vertical stresses horizontal stresses
168 [ 3
150 * \
downstream _ —~ .
.- \
125} L "\
’ :
1 /
100} { e
\ .~ ol
3 {
7 \\\‘\“ \\
50 downstr
g eqfn Kupstream
25l \ E—) compression N
AN +) tension / A
1 ,ﬁ&...m_; S 4 Y 1 \\\.\L
0 -0 20 0 2

0§ To0780 60 40 200 30 b0~
( daN/cm?2) (daN/em2)
monolithic

——-- ungrouted joints & belt

—-—-- ungrouted joints only

Fig. 7 Vidrara dam,different studied joints
sfrouting schemes: torizontal and vertical
ngrmal stresses in the iam central crossec-
tion, subjecied to nydrostatic pressure,.

Within this study, the influence of gome additional dissipativa
capacities of the structure with partially grouted jointas hasnot
been conaidered. Model tests had previously put into evidence
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some increases of the qambing logarithmic decrement with respect
to the first vibration eigenmodes ; thus, these increases did
ranged from d= 0.12 + 0.17 for the monolithie structure to

& = 0.30 + 0.50 for the structure with ungrouted joints over 1/4
of the arch dam height [4] . It seems these damping increasings
may glve some rather important reductions of seismic stresses
without modifying yet their overall distribution.

BELT, SYMMETRIC , EMPTY RESERVOIR , STANDARD P 1370,01g
eam

1
A

~ [
'\\ ~B-
~v g/

L-——u—_

[

——————

(daN/cm?)
— compression
-~- tension

{daN lcm2)‘
—— compression
——~- tension

vertical stresses horizontal stresses

Fig. 8 Vidrarn dam, the structure with
partlally grouted joints and creat belt:
Isolines of horizontal and vertical nor-
mal seismic stresses.

4. CONCLUSIONS

By taking into account the facts mentioned up to now,the follo-
wing conclusions may be formulated:

. The constructive solution with 4-5 arch dam shrink joints beirg
partially ungrouted over the upper 1/4 of the dam height offers
some advantages with respect to dam seismic behaviour against the
golution of the dam structure with complete grouted joints; that
proposed solution permits securing some arch dam higher dissipa-
tive capacities and an improved dam flexibility.
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. The constructive sclution already mentioned should be associa-
ted with providing for a dam crest stiffening belt, which pre-
vents the cantilever separate vibration; it will also prevent so-
me unfavourable modifications of stresses within the dam struc-

ture subjected to permanent loads (hydrostatiec pressure, dead
welght) and seismic loadings as well.

o The dam crest stiffening belt seems to undertake some important
pulsating stresses during seismic loadings; therefore, the belt
adequate reinforcement should be necessary.

. The, good behaviour of the Vidraru arch dam during the Vrancea
earthguake of March, the 4-th 1977, do practically prove once
more the arch dams outstanding capacity of accomodating themn-
selves to earthquakes.
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SUMMARY

A method is presented for calculating the rotation of the end
plastic hinge in a reinforced concrete column subject to axial
load, bending moment and shear. The method is based on the assum
ption that, in the regions adjacent to that to which ultimate
bending moment is applied, the bond between tension metal rein-
forcement and concrete is completely inoperative. Besides, the
plastic deformation of the tension steel is assumed to be linear
ly variable in the portion where slipping occurs from zero up to
maximum value in the ultimate bending moment section.

The length of the plastic zone is then obtained on the Dasis of
equilibrium considerations, while the overall rotation of the
plasticization zone is calculated by taking the internal work to
be equal to the external work.
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1. INTRODUCTION

In a framed building structure subject to strong earthquakes, over
stresses are generally produced in the members and particularly in
the columns. The mode of failure of the structure under seismic
loads and dead loads plus a fraction of vertical service loads de-
pends on the capacity of deflection of the columns in the inelastic
range, Hence, calculating the ultimate deflection of each single co
lum, as permitted by the rotation of plastic hinges, is a fundamen
tal step in the analysis and design of buildings exposed to seismic
risk. A typical pattern for the ultimate behaviour of a simple
oscillator subject to lateral load is shown in fig. 1.

The evaluation of the ultimate deflection
u @t the top of a column and more gene-

rally of any structural member subject to 1M

constant axial load and bending moment va | |
rying along the axis, requires the know- T

ledge of the moment curvature diagram of ‘H N ‘
the member and turns out to be rather com

plicated for R.C. columms M- diagrams

as available in the literature [1] may be

usefully employed; in this case, however, %

the efchtspofyconfining of concrete due ///,T/// //’
to transversal reinforcement are neglec- fig. n. 1

ted, thus obtaining values of the deflec

tion My significantly lower than the

experimental ones [2] [3] Adifferent procedure consists of obtai-
ning the ultimate curvature or the ratio of the ultimate to the pexr
fectly elastic curvature at the clamped-end cross-section. of the co
lumn [4].

The structural member is assumed in this case to be divided into
two sharply distinguished zones, in one of which the material beha-
ves elastically, while in the other, close to the clamped end, pla-
stic behaviour is widely predominant,.

The length of the equivalent plastic zone is usually taken to be
proportional to the depth and span of the column according to bino-
mial relations [5] .

According to [2] we have, for example:

A, = 0.50n+0.2 qfﬁ(—f;) | (1)

From the knowledge of curvatures and the extension of the plastic
hinge, values of the capacity of rotation may be easily calcu-
lated and hence the ultimate deflection is obtained. This method,
however, applies only to a restricted range of dimensions of the
rectangular cross-section and no extrapolation of the semiempiri-
cal relation (1) seems to be reliable to cover different shapes of
cross-sections (such as cave or lamellar section and so on).
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In the pres:nt work a theoretical approach is put forward allowing
the desirmer to calculate the amount of rotation at the plastic
hinge irrespectively of the hypothesis of plane cross-sections which
has heen commonly adopted so far in all IL.C. calculations. In the
regions adjacent to the clamped end, the bond between concrete and
tension steel is assumed to have failed because of local overstress
phenomena and cracking, so that slippling of longitudinal bars is
permitted and conscquently, over some fraction of the column length,
the tensile stress in the reinforcement is, at a good estimate, con
stantly equal to the yield stress of steel.

The proposed method is more advantageous than the others described
above insofar as it does not rely solely on experimental data and
consequently it could lead to a further extension of its range of
applicability.

2. BASIC ASSUMPTION

Let us consider a R.C. rectangular column with symmetrical single-
layer reinforcement,

This column will be subjected to bending and axial force N lower
than the balanced value Ny, with non-vani

shing shear force T (fig. 2).

The problem is examined while the rotation

of the plastic hinge is taking place, ®§5
At the clamped-end cross-section M=Myl¢ Ihn

is assumed and the strains &p,, &4y
are calculated according to the hypothesis «
of plane cross-sections, In the vicinity ﬂ“

l +_XL+ E'au_
of the clamped =nd the tension steel will & T
undergo yielding with &, = 6,4 = const h'l eh_Hw
and will be strained plastically from ze- )
ro plastic strain {at the top of the pla- fie. n. 2
stic region) to &4, at a rate that,
ocrossly cstimated, may be assumed to be
constant. Throughout the region affected
by the plastic hing2 no assumptions concerning compatibility of
strain for compression concrete and tensile reinforcement are ma-
de. The plastic region may be considered to extend up to the cross-
section where, the tensile stress in steel altogether eguallingiSés,
the amount of plastic strain &, approaches zero.

In this cross-section the position of the neutral axis, on account
of thez hypothesis of frece slipping of tensile steel in the plastic
zone, may He assum2] to coincide with the centroid of tensile rein
forcement, h

‘his woulid indeed Lo a drastic assumption, as somz residual honding

efif2ct is 2xpected Zo work even in a widely cracked zone, lMore con-
sorvatively, the plastic region may be considered as ending below
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the cross~section where onset of yielding in the tensile steel
takes place, the concrete still behaving elastically and in full
bond with the tension bars; here the law of plane cross-sections
is again held to apply.

Under all these assumptions the amount of rotation of the plastic
hinge may be calculated and an estimate of its effective extension
may be provided.

3. EVALUATION OF THE EXTENSION OF THE PLASTIC ZONE

Consider a column with rectangular cross—sectlon as illustrated
in fig. 3. Let:

h = be the full depth of cross-section; s b

h'=h-c = the reduced depth, with ¢ = the l
distance of the reinforcement from the ﬂjk/
edge; X

b = the width of the cross-section; h h

x = the position of the neutral axis with i;i;;<j’
respect to the compression edge; §=x/h' 4 a, ' 4

F =§Ta the area of both tension and com- fig. n. 3
pression reinforcement;

)t-=,M: = F /bh' the percentage of reinforcement;

/“’a -=/w s Z‘ 2 Ma « the mechanical percentage of reinforcement;

ﬂﬂas being the yield stress of steel; éaez.ﬁéi the first yiel
" "7 ding strain in steel; Ee

Eﬁ)= the crushing stress of concrete; E?br the ultimate strain of

concrete;

n= %f the ratio of elastic moduli;

n, = N = the non dimensional axial load;
d @.Fa
T = the shear force

The assumptions discussed in the foregoing section lead to stress
and strain distributions as illustrated in fig. 4.

. Stress Strain
§1§s=ﬂ; Tt e f_—ﬂ'/le
last{ X a
. _.W_LT"%
plasti f_li—-* Qs
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In the clamped-end cross-section, labollzad (7)) strain and stress
distributions ar> assumed according to the usual assumptions of
ultimate design. The compression region is supposed to be rectan
gular with effective depth O.Sx(q).

Between cross-section (2) and (1) the compression stress of con-
crete is assigned a curvilinear distribution over the depth x,
but the compression resultant is always taken at a distance of
approximately 0.4x from the compressed edge. The total amount of
compression may be expressed as

o being a shape factor ranging between 0,5 (triangular elastic
distribution) and 0,8 (ultimate distribution).

In cross-section (1) a triangular compression stress distribution
is assumed with maximum value amounting to Gfb’

For cross-section (0) two alternative conditions are examined:
both conditions {case a) stipulate that the stcel is strained
just at the yielding point with & E Eag ~e /L) and

ae a
6,= ©,55 in the first case (case a) compatlolllty of strain

between steel and concrete is introduced; in the other (case b)

X = h'

(o)
is assumed, disregarding compatibility of deformations on
account of bond slip being allowed to take place below the cross-
section (0).

From the equilibrium of the forces acting at cross-section (0)
expressed by the equation

L 1
6 v+ & =
0.5 bx( ) N aFa Gas Fa (1)

and from compatibility of deformations, written as:
€b
: = h' —4—— {
X (o) h Eb+'6 2.

it is possible to obtain the position of the neutral axis .Eo
for case a, namely by solving the equation:

g5+ m 8 [x (1m0 3 T - 24 n(i+m) =0 (3)

where & = 0.8 & has been introduced for the sake of simplicity
a D, s )
In the case 5, we immediately have: '

Ep =1 L)

In the region baetwa2en the cross-sections (0) anl (1) 1ot us take
into consideration the variations, with respect to a pavameter
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progressing along the column axis, of the equilibrium equations of
both forces and moments, The quantities which may vary are, of
course, G’/ and the position of the neutral axis, x. The operator
performing such variations is denoted by & . Then we obtain:

4 ' _ . '
0.55x 88, + 0.5 &, bdx 0.8nF! Se, (5)
&H = 0.5 6“bb(h'—-§=x) Ex + 0.5bx(h'- %x)g 6Jb+0.8nF;(h'-c) .rs-a'b (6)

By eliminating 86’{) between (5) and (6), the moment variation
turns out to be:

<SM=9"52 6"bbx gx (7)

hence, dividing by Jz :

éM dM 0.5 ) dx
= — = = e ——— & —
5 2 dz I 3 b bx dz (8)

This relation may be integrated between the cross-sections (0)
(x =x & ) and (1) (x = x( ), after removal of 6'1) through the
equililgrlum of forces at a é&rrent‘ cobrdinate =z

Azl Sas a
h' T Ky A
where -
_ (1’*‘1’1 ) _ _ . _ §o+1.6n/ua
k, =" _ d’ [§° 2 (m)+1,enp (1- Lo §1+1.6n,u'a) (10)

In the region between the cross-sections (1) to (2) with the

assumption that the compression reinforcement remains elastic
over the whole length Az,, and & S X/0.8.8 = 1.25¥€ s?
the variations of the equilibrium equations aresexpressed a%t

6, bx O + E,—‘b b & x =5 as F) Sx (11)
_l 2 -— 1
oM = &, bhr? (0.4 % EE+1.05 £, &) S (12)

By eliminating E between (12) and the equation of equilibrium of
forces at a current coor.z, oM as expressed by (12) may be inte-
grated over the region between the cross-sections (1) ( & =0.5)
and (2) (> = 0.8), thus giving:

z & F
2 as a

h T 2

(13)
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( . _—-\_ C I !
(0.5 M- =) (14)

— 9 M
k, = 0.3 E 1, )" -1.25
2 Mq d =
M a
Nquation {(1%) may underpo further simplification by recalling
1
tmm,wq:/w{

The total lennth of the plastic region is thevafore:
A o A::1-:«A::? &

as’
= — = — (e )
! n L 1

P
el

Wl
SN

4, EVALUATION OF THYE PLASTIC-HINGE ROTATION

Jith the usual idealization of attributing the whole plastic rota
tion to a single point of the colum axis,namely the idealized
plastic hinge, the capacity of rotation o may be obtained from
an energy balance batween the inner plastic work made in the whole
plastic region of length Az by both concrete and steel while
strained beyond thz eclastic limits, and the external work.bhlt.{h,

Tn this manner, the problem is reduced to calculating the inner
plastic work made both tension steel in the length Az and by
concretz2 in the inclastic range over the length ZXzZ.

~7ith th2 assumptions made in the foregoing the former is promptly
calculated as:

1 ;
CSLPI*'\EI): E 6:’15Fa b Eau_ E'ae) A & (16)

the stress in stecl being constantly equal to éa“'
) (=]

The work of concrete in the region where this material is suppo-
sed to have abandoned the elastic range, may be espressed as:
2 * \ \
St = - f &, SE, da! (17)
. {1 1
plie) dz ar ® 9 '

A' being the compression arzsa as a function of z, namely A' =

Sx(z) and dAY= bdx .It is reasonable to assume a mean value for
4

e;b over the compression area of each single cross-section, name
1y by putting
\ 1 -1
~ mean &, = {
6‘b h X (z) Sy (18)
in definition (17). i‘orecover, the strain E' (x') at any posi-

tion in the compression area, may be expressed on account of com
patibility of the deformation in the compression-concrete area,

as 1 ' \
E x'y =3 & ¢
e = deg e (19)
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By introducing both (18) and (19) into the expression of plastic
work, we have:

Ziep S &'p o '
SLpl(b) - ey 552 jc: x'dx (20)

The inner integral may be calculated at once to yield x2I2_; SO
that (20) is reduced to an integral owver 'cootdinate z:

pl(b) ~ 2

where o, x, S¢'’ , are all functions of z. On the basis of the
equations of equilibrium both in finite and in varying form, and
as the result of lengthy but plain calculations, we have succeded
in eliminating x, and_[ forcs&'b(z) we may accept a linear expres-
sion:‘(SE,b = 2z/Az, (E'yy 'Elbe)] and in transforming (21)

into an integral o% a known function of o¢ over o itself. This can
be solved through direct integration, yielding the final result:

- A2 \
Si 1 o'bbf % SE dz (21)

2 2.,
Loiw) = T (Epr™ Spe? Ky (22)
being
k. = 0.25k [1+n -0.389 4—‘_‘—3] (23)
3 2 ‘. /u.a

The plastic work of the compression concrete is however small

- (amounting to no more than a certain percentage of steel work)
and sometimes it is not totally wrong  to think of neglecting it
in comparison with the work of steel. It may be useful to notice
that, in any case, the amount of plastic work of ceoncrete is not
affected by the situation at cross-section (i), wether compatibili-
ty is assumed according to case a or free slipping of steel rein-
forcement is supposed (case b). In the latter case, the only modi
fication to be brought into the foregoing results, involves, as
previously pointed out, the length Az, which in turn, enters
into the expression of &L 1(a)" As a &onsequence of this modi-
fication, bI.l_ is expeceeé? and has been actually calculated,
to increase sggﬁigicantly (up to several times), probably overem
phazizing the ductility of the column (*), Finally, the total

(*) A more general approach would be that of finding 5 from a
condition of partial compatibility imposed on the deforma-
tions at cross-section (0), The concrete strain &' would be
compatible, in this case, not with the total steel strain

€ , but with a fraction of it obtained by subtracting
fromc E the amount of slip rate (du/dz) = (f/A_) _ due
to cracﬁfng, where f is the crack width and A £ t eospacing

LI ] LI
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ultimate rotation of the plastic hinne is calculated as:

+
_ i@ T .
<( = p L 24)
u 8
ult
M being the ultimate moment of the column to be obtained from

tﬁe equilibrium of cross-section (2). The deflection at the top
of the column permitted by the rotation of the plastic hinge may
be estimated as approximately

n]pl fuﬁl - %—5) (23)

1 being the span of the column and supposing the plastic hinge
reduced to a point located at the centre of the plastic zone,

In the diagrams of fig. 6 the ratios

A 7/ abFa p— /GasFa
h' T (Fu T

are plotted versus the non-dimensional axial force n, for three
different reinforcement percentages. The capacity of rotation of -
the columm decrease rapidly with increasing axial force, in spite
of a not negligible spreading out of the plastic region.

In fig. 7 the effect of increasing the column depth can be follo
wed, leading to decrements both of Az/h' and of (?u, although
with a clear tendency tq_asymptotes for very deep cross-sections.
The effects of varying & and &' have also been considered with
the conclusions that increases nearly proportionally wit“n&
and even more dec131vely with the strength of concrete.

.o/_o-
of cracks, both calculated at
cross section (0). The details e
of a procedure of this type at 7 _6&2_6%&)
resent ed ' el
p are still to be work 6BL////”
out.
X
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SEISMIC DESIGN AND VERIFICATION OF SEISMIC EFFICIENCY
OF A HIGHRISE REINFORCED CONCRETE BUILDING

Kiyoshi Muto 1)

Tadashi Sugano

2)

Summary

The authors designed a successful construction of the first highrise reinforced
concrete building to be built in Japan after obtaining a special approval from
the Minister of Construction. The structural de;ign was carried out based on
structural experiments and nonlinear dynamic analysis. After completion of the
building, earthquake observations have been continued at the basement, 9th and
19th floors. The two largest earthquake motions were simulated. The computed
accelerations showed good agreement with the observed ones. This proves that
our dynamic analysis is sufficiently accurate.

Resume

Les auteurs ont &tudié la construction du premier grand immeuble en beton arme,
erigé au japon, apreés avoir obtenu 1'approbation spéciale par le Ministre de
Construction. L'étude structuralle a été effectuée suivant les base de 1'essais
de structure ainsi que de 1’analyse dynamique non-linéaire. Apres 1'achévement
de 1'immeuble, les observations sismiques ont &té continuées au sous-sol, & 9
étage, et & 19% étage. Les deux plus grands mouvements sismique ont été simulés.
Les accélérations calculées se montraient bonne concordance avec celles observées.
Ceci prouve que notre analyse dynamique est suffisamment exacte.

Zusummenfassung

Die Verfasser projektierten ein in Japan erst ausgeflihrtes stahlbetonhoch-
gebaude mit der Sondergenehmigung vom Minister des Aufbaus. Die Konstruktions-
projektierung wurde durch die konstruktiven Versuche und unlienierte dynamische
Analysis gemacht. Nach der Baufertigstellung ist die Erdbenmessung im KG., 9.
0G. u. 19. 0G. durchgeflhrt. Die mit Komputer ausgerechneten Beschleunigungen
hatten gute Stimmung mit den Messungsergebnissen bei zwei groften Erdbeben. Das
zeigt, daB unsere dynamische Analysis geniligende Genauigkeit hat.

1) Professor Emeritus, University of Tokyo, President, Muto Institute of
Structural Mechanics Inc. Tokyo, Japan

2) Dr. Eng. Senior Research Engineer, Muto Institute of Structural Mechanics
Inc, Tokyo, Japan
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1. INTRODUCTION

It was believed that the construction of highrise buildings using reinforced
concrete would be difficult in Japan due to the problems of earthquakes. As a
common practice, reinforced concrete (RC) structures have traditionally been
forbidden for buildings of 7 stories (20m) or more. Taller buildings than 31

meters were composed of either combined structural steel and reinforced concrete,
or of structural steel.

The year following the Tokachioki Earthquake of 1968, the authors began to
perform experiments for the improvement of the aseismic properties of reinforced
concrete members. And it was found that, with adequate arrangement of re-
inforcing bars, brittle failure of the member is completely prevented and
sufficient deformability and ductility are secured.

With the support of these experimental findings and dynamic computer analysis,
the authors succeeded in designing an 18-story RC apartment building. It was
confirmed that stresses in all of the building members remained in allowable
values during the severe earthquake (maximum acceleration 0.3g) and the maximum
ductility factor remained at 1.66 against worst earthquake (maximum acceleration
0.5g). Since this building was unconventional in terms of both height and
structure, Article 38 of the Japanese Building Standard Law required that
special approval be obtained from the Minister of Construction.

In September 1972, soon after applying and receiving of a special permit, con-
struction work of the building was started, and in January 1974 it was brought
to a successful completion. This paper describes the preliminary studies, the
earthquake resistant design and post construction studies of dynamic behavior of
this building.

The second highrise building (Mskomanai Apartment, 11 stories) was designed by
the same method and now under construction at Sapporo. Building G which is to
be 25 stories apartment is now being designed.

*

2. PRELIMINARY STUDIES

Various experiments were carried out to confirm the practicability of each of
new construction methods. Among them the following three series of tests con-
tributed much to the realization of the highrise RC buildings.

2.1 Studies of shear reinforcement of columns

Many RC columns reinforced by poor hoops suffered from brittle shear failures
by the Tokachioki earthquake of 1968. The main reinforcing bars had buckled and
concrete burst out. This illustrated an important role of confinement of
concrete, Immediately after the earthquake, the authors performed column tests
with three different types of transverse reinforcements, as shown in Fig. 1.

The effects of transverse reinforcing bars of respective hoop, tie and spiral
type were examined under identical condition. Then it was recognized that the
hoop column lost its load bearing capacity soon after repeated loading at a
deflection angle of 1/100. By contrast, the tied and spiral columns with proper
amount of reinforcements were capable of deforming up to large deflection with-
out any decrease of load bearing capacity.
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While seeking an arrangement of longitudinal bars which would allow the beam
reinforcing bars to pass easily through the column and also searching for method
of prefabricating the column and beam bars on the ground for lifting into place,
a new arrangement of the reinforcing bars for columns was developed. The shear
reinforcement of the column was combination of spiral and square hoop, which was
named Kajima Spiral.

It was also ascertained by testing that the deformability and ductility of this
column were as same ds those of the spiral column or tied column as shown in
Fig. 1.
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a. Three Types of Reinforcement b. P-§ Curves of Kajima Spiral Column

Fig. 1  Experiments of Columns

2.2 New anchorage system

The newly developed anchoring method for the beam reinforcement was subjected
to the Construction Minister's approval. In the U Anchor Method, the ends of
the main reinforcing bars in beam are anchored by form of the letter U at the
beam-column joint of exterior frame as shown in Fig. 4. By developing the

U Anchor Method and Plate Anchor Method, it became possible to prefabricate the
reinforcement and to place the concrete for columns separately from that for
beams and floor slabs.

The experiments on the effects of new anchoring methods were performed. From
the load-deflection curve of the transverse framing with continous anchorage as
shown in Fig. 2, it is obvious that the test specimen is found to be stable
enough even after 10 cycle repetition of loading with story drift of 1.5/100 up
to 5/100. Conventional type of anchorage with the embedded reinforcing bars

in the column was also tested under the same condition, and it was found that
there were no significant differences between them.
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Fig. 2 Load-Deflection Curve of Exterior Framing
including U Anchor Method

2.3 Joints of large-size reinforcing bars

When the stress in columns and beams increases in tall buildings, it becomes
necessary to use large-size reinforcing bars. In such cases it is desirable to
use a welded butt joint or sleeve joint rather than a lap joint. A welded butt
joint is effective for the size of D32(#10) or less.

Various types of sleeve joints for heavy (D35 or more) bars were tested. Among
them the Cadweld joint, mortar joint and squeeze joint was found to be highly
reliable, satisfying all of the requirements for reinforced concrete specifi-
cations. In case of Cadweld or mortar sleeve joints, special moltend metal or
strong mortar is used as joiner or connector between steel bar and sleeve.
Regarding the squeeze type, the inside surface of the sleeve interlock with ribs
of a specially developed reinforcing bar such as Rivercon as shown in Fig. 3.

For the building described herein, Cadweld joints were used but for the second
tall building the squeezed joints were used after making cost studies of both
joints.

a. Squeezed Joint b. Cut off Section
Fig. 3 Squeezed Sleeve Joint



3. SEISMIC DESIGN

3.1 Seismic design criteria

Iv. 3¢

The author has established a basic criteria of earthquake resistant design.
is classifying earthquake intensities into three classes, and regulating the
response of the building or degree of damages as follows:

Class I Moderate earthquake
(Max Acc. 0.1g)

Class II Severe earthquake
(Max Acc. 0.3g)

Class II Worst earthquake

(Max Acc. 0.5g)

No structural damages

The stress in all members should te within

allowable stress

Building suffers some damages but never
collapses

Maximum acczlerations of the earthquakes were increased appreciably, in con-
sideration of the fact that this building was to be the first highrise re-
inforced concrete structure in Japan exceeding the prior legal height limit.

3.2 Outline of the building

The building herein has 18 stories with one story basement and is 48,9 meters
tall. The outline of the building structure is shown in Fig. 4 together with
typical structural detials.
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Columns are all 60cm square which shear reinforcements consist of Kajima Spiral.
Shear reinforcement ratios are 0.75 - 1.20% which was determined after various
experiments. Beams arc all 60cm in depth and 35, 40 or 45em in width. The re-
inforcing bars of beams have newly developed U-shaped anchorage, thereby simpli-
fying the task of prefabricating the reinforcement as mentioned before.
Moreover, the exterior cclumns from the first to the sixth floor are prestressed
with PS5 steel rods as a protection from the tensile forces which may be induced
by overturning moments. This step exceeded the required safety standards and

furthermore registered an important advancement in the design of still higher
buildings.

3.3 Dynamic anslysis

a. Vibration model

In order to analyze dynamic behavior of the building accompnied by cracking and
yielding, an idealized vibration model with 18 lumped mass is established. As
shown in Fig. 5, the vibration model is assumed to have two kinds of stiffness.
One is shearing stiffness which is derived from bending and shear deformation
of beams and columns and shear deformation of beam-column joints, while the
other is bending stiffness due to axial deformation of columns. Shear stiffness

is assumed to have nonlinear degrading properiy and bending stiffness remains
linear.

Mi
GA
Mi-1QFI" +
i1
SHEARING BENDING
(GA) (ET)

Fig. 5 Modeling
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b. Shear stiffucss and idealization of hysteresis loop

Static nonlinear trame analysis against the gradually increased lateral forces

is carried out. Then the relations between story shears and shearing drifts'are
idealized by three straight lines (skcleton curve) in consideraticn of c?acklng
and yielding of the members. In the nonlinear dynamic analysis shear stiffness
property is defined by the skeleton curve and idealized hysteresis rule._ )
Hysteresis loop with degrading stiftness property 1is idealized as shown in Fig.6.

Q

ton

Fig. © ldealized Hysteresis Loop ot Shear $tiffness

Point A in the figure indicates the tirst tensile crack. Up to this point, the
structure is completely elastic. In the region between points A and B the curve
tends to return to the origin (0) when unloading occurs. Point B means that
yielding has occurred in the beam. [In case where the load is decreasing at

point M, the rigidity is the same as the gradient OB until the load becomes zero.
Once zero is achieved, the curve points towards the opposite maximum deflection
ever experienced.

¢. Analytical conditions

Assuming that the building is fixed on the 1lst floor, four types of input earth-
quake waves, Bl Centro 1940 NS, Taft 1952 EW, Tokyo 1956 NS and Sendai 1962 NS
are adopted. Maximum acceleration of ground motion are selected 0.1lg, 0.3g and
0.5g corresponding to the design criteria. Viscous damping is assumed and 3%

of eritical damping for the elastic 1st mode is adopted.

d. Results of dynamic analysis and seismic safety

The lst vibration periods in the elastic range are 0.81 sec. in longitudinal
direction, and 0.95 sec. in transverse. Responses of the dynamic analyses show
similar results for longitudinal and transverse directions. Hence the results
of longitudinal direction only will be described. Fig. 7 shows the maximum
story shear and story drift resulting from severe earthquake (0.3g). It is
noticed that stresses in all members remain in allowable values and maximum
story drift is only 1.22cm at 1lth story, which correspond to 0.45/100 deflec-
tion angle (see Table 1). Under the worst earthquake of 0.5g, yielding occurs
bul the maximum ductility factor remains at 1.66 at 12th story. These response
values satisfy entirely the seismic design criteria established at the outset.
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Table 1. Damage Evaluation due to Earthquake Response

Intensity of Base shear . Yield {Steel) Py

earthquake (B.S. coefficient) Bty draft Ductility factor
Column Beam

Class I 950 ton O.4cm None ‘None _

(100 gal) (0.17) (at 11th story) "

Class II 1180 ton 1.22cm " "

(100 gal) (0.21) (at 1llth story) -

Class IO 1910 ton 2-16th 1.66

(500 gal) (0.34) (at 12th story) " Floor {at 12th Floor)

i

4. POST CONSTRUCTION STUDIES

L.,1 Forced vibration test

Immediately before the completion of the building, vibration tests were carried
out. Vibration exciter was installed at the 19th{roof) floor. The periods and
damping factor in transverse direction were obtained as shown in Table 2. The
periods obtained by the test were about 20% shorter than those estimated in
designing due to the difference of stress level (lst mode 4 - 5 gal, 2nd mode
10 gal in test) and the absence of live loads. It is noteworthy that the
displacement at the top in the 1lst vibration mode includes 1.4% of sway and
7.6% of rocking due to the deformation of soil and piling.
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Table 2 Periods and Damping in Transverse Direction

f T T
1st ! 2nd 3rd
Period 0.83 (sec) [7 0.27 . 0.15
factor * ¢ . | -

L.2 Earthquake observation

Earthquake observations are being taken by servo-type accelerographs installed
at the underground, basement, 9th and 19th floors. Among many observed records,
the following two earthquakes are noteworthy.

A Earthquake B Earthquake
Tzu Peninsula Coast) (Eastern Saitama)
Occurred : May 9, 197k August L, 197k
Magnitude : 6.9 5.8
Location of Focus : 138°48'y 34°3L'y 139°55'E 36001'N
Fo?al Depth H 20 kilometers 20 kilometers
Epicentral Distance - 150 kilometers LO kilometers

The local intensities of the site are both W in Japan meterological intensity
scale, which corresponds to IV or V in modified Mercalli scale. Acceleration
time histories observed in the transverse direction at the basement are shown -
in Fig. 9. Acceleration response spectra are also shown in Fig. 10.
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Fig. 10 Acceleration Spectra of Observed Earthguake (Transverse)
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The frequency components of the two earthquakes were quite different that t?e
motions of the building varied correspondingly. In the A earthquake, the first
vibration modes of 0.8 seconds in the longitudinal direction and 1.0 second in
the transverse were prominent. For both directions the amplifications of the
accelerations were six times at the top floor relative to the basement. By
contrast in the B earthquake, the second modes of 0.3 seconds were the most
prominent in both directions and the amplification factors were only two.

4.3 Simulation of earthquake motions

a. Vibration model

Essentially same model as that was adopted in the seismic design was used for
the simulation of the earthquakes. Some modifications have been incorporated
in reference to studies on forced vibration test. For instance, a freedom of
base rotational motion is additionally considered in this model. Rotational
stiffness is assumed considering the reactions of soil and piling. Therefore,
the 1st and 2nd vibration periods of the model in transverse direction are to
be estimated 1.02 seconds and 0.32 seconds. It was decided that, damping for
reinforced concrete should differ from that for socil. Therefore, 2% of critical
damping ratio in the fundamental mode is applied to the upper-structure while
10% is to base foundation. Equivalent damping factor for the lst mode of this
model is also computed to be 2.4%.

b. Simulated results

Case of A Earthgquake

Computed acceleration time history due to the A earthquake at the 19th floor is
compared with the observed earthquake waves as shown in Fig. 11. A major
motion in the input acceleration has a principal component of 1 second, which
makes the upper floor accelerations extraordinarily amplified. For instance,
the 19th floor acceleration is 6 times larger than that of the basement.
Computed acceleration time histories coincide with the observed ones. The
response spectra in Fig. 12 also show that both accelerations are quite
identical.
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Fig. 11 Acceleration Time History (A)
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Case of B Earthquake

Fig. 13 shows the comparison of the observed and computed accelerations due to
the B earthquake. Reflecting the fact that the basement record has prominent
periods of 0.3 and 0.2 seconds at the time of major motion, the building is
sharply excited at the fore part of the duration, then gradually changed to an
oscillation with a longer fundamental period. Amplication ratios of acceleration
both at the 9th and 19th floors are about twice as that of basement acceleration.
These tendancies are clarified by Fig. 14 showing the response spectra. It is
also concluded that dynamic behaviors of the building are precisely reproduced
by analytical simulations throughout lengthy duration of the earthquake.
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Fig. 13 Acceleration Time History (B)
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The aim ot this paper is a review of the main points found during the

PROBLEMS FOUND DURING THE SEESMIC DESITGN OF STRUCTURES

AND

EQUIPMEN'ES OF A NUCLEAR POWER PLANT

L. LAZZERT, ¥.BOZZ0, G.FILIPPI

(SAIGE SpA , GENOA- ITALY)

ABSTRACT

analysis of a nuclear power plant from the sceismic point of view

The main points are

solil structure interation
model ling of structures
static equivalent moedels
floor response speoctra
piping analysis
clectrical cableways

heavy components

IV.47



Iv.48

1. INTRODUCTION

The seismic analysis of nuclear power stations structures and components is
one of the main problems, the designer has to solve in order to assess the sa
fety of the populations even in the case of extreme earthquakes events. Theaim
of this paper is a brief analysis of the different problems one has to face ,
from the soil-structure interaction to sample analysis of different equipments

in a nuclcar power station. ;

2. SOIL-STRUCTURE INTERACTION

As it is well Known (see, as an example ref [1} ) the soil structure inte-
raction problem is of paramount importance in determining the response of the
structures to the seismic excitation. The usual and simplest way of considering
the soil-structure problem is by means of a set of springs , which model the
stiffness of the groundsurrounding the structure . This method, largely based
on a method proposed by Whitman [21,[3] , has been widely used in the past and
it is quite satisfactory when the soil is relatively uniform and no large embed
ment is present. Different methods [4] [5] [6]{7] dealing with modificationsand’
corrections of the original half space method have been proposed, however fini
te element methods (based on the use of the computer code FLUSH and subsequent
modifications [8J9)[10] ) are available for an efficient evaluation of the
soil-structure interaction phoenomenon . A lot of papers was written to compa
re the different advantages of the two methods, however in this paper, the
authors have simply decided to report their particular experience in this field

The usual spring methods has large advantages in terms of cost and simplicity,
so that many parametric analyses can be performedconsidering even alarge spread
of data regarding the soil characteristics [11] and is generally satisfacto- |

{
+

ri. However, many cases exist where a good assessment of the phoenomenon can
be obtained by the use of the FLUSH code, as an example with relatively compli
cated soil profiles , with large embedment phoenomena or when the so called
building- scil-building phoenomena may have importance . As far as this last
aspect is concerned some runs have been performed in the case of neighbouring
buildings on a relatively hard but comparatively not uniform soil {the modu-
lus of elasticity ranging from 20000 to more than 100000 Kg/cmq) . The first
example is shown in fig.l , where two building of relatively similar weight
and size have shown a coupled behaviour quite similar to the uncoupled one .
The coupling phoenomenon is definitiely more easily discerned in the example
in fig.2a,the response spectrum in fig.2b inone building clearly presents a
peak corresponding to the eigenfrequency of the other building . However in
this casc too, while significative effects can be anticipated in terms of the
response speatra, no large influence in the building accelerations was detected|
Again this is quite possibly due to the relative resemblance of the two buil-
dings, while the building-building interaction phoenomenon should quite pos-
sibly be more important for small buildings near much heavier ones.
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E
MODELLING OF S TRUCTURIES

i

A discussion off the Leeniques nsed in analy«zing and modelling the civil struc o
1 . |
tures ol a nuelear power stations 15 given in refercence [ ! ] . In many cases,,

particularclly for stift buildings on very sotl solls, a very simple model of

the building (stick model) is adequate Lo predict the behaviour of Lh()buildingf

llﬂ] s o lumped masses model is used , the masses are generally placed at the ;
floors levels wilh beam connections, representing the stiffness of the walls :
connecting subscequent floors. However for pancls buitdings (box type bui]dings)?
the stick model may be not quite adequate and for relatively stiff solil, where
int'lucnce ol the building stiffness may be important, finite elements model
may be necessary. In fig.d3a  an example of a tinite clements model is shown
and the resulis of the dynamic analysis is shown in tig.3b ; obviously enough
the coupling of the pancls vibrations with the over all building vibration,
which is visible in the ecigen frequency pattern in fig.3b, is not detectable

with a stick model. On the other c¢nd box type buildings can be quite compli-

cated and an officient model can be very expensive due to its size, sothat

substructuring and condensing tecniques are to be used.

4, STATIC EQUIVALENT MODELS

For obvious economical reasons the dynamic models are relatively of small size

fand their use can be not quite adequate to compute the inertial forces for the

" subsequenti stresses evaluation. Again huge (thousands degrees of freedom) fi-

nite elements models have been used [12] , but their use is very expensive :
! sothal simplificative assumptions have to be used. To test different methods Y
some runs have been made by the authors and their colleagues in SAIGE [13lﬁ43 .
Tn fig.4a a simplified model is shoun; it has been loaded by constant inertial
forces in the horizonthal plane and by vertical forces on the flcor simulating
a rotation etfect. The displacements pattern is shown in fig.4b,c . While the
simplifications in the model may be relativély important (only the lower por--
tion of the building has been modelled, while the influence of the stiffness of
the upper portion may have some importance) some general conclusions may be

sdrawn |
i

.= the shear is absorbed only by the walls parallel tco the direction of the i
scismic cxcitation and it is relatively constant in them

- the bending moment is not absorbed by the structure as a whole, rather the
normal stresses are concentrated mainly in the corners or where two normal !
walls are prescent |

- the floors are nol rigid as regards the out of plane bending and are not

conscquent.ly adequate to transfer the stresses from one end of the building
to Lhe other one

‘= some deformations Lake place cven due to in plane forces, however this ef- ‘
Ceet is much more limited than the previous ones, so that a relatively uni-
Form shear stress distribution takes place
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~ the vertical forces consequent to rotational accelerations are taken direc-

tly by the floors where they are applied and transfered locally to the ver-—
tical frames.

Particularely for low and wide buildings the shears seem to be absolutely pre-
dominant and the floors are generally adequate to act as rigid frames so that
the seismic shears are taken by the vertical walls between subsequent floors
independently from the distributions over and under the connected floors. The
behaviour is quite opposed to the one usually Known as typical of "shear Lype
buildings' and represents consequently the other extreme.

However there are buildings where both bending and shears may play an impor-
tant vale so that finite elements models only can be used for a relatively
exact evaluation of the seismic stresses.

5. FLOOR RESPONSE SPECTRA

As it is well Known , the modelling of the structures is limited to the main
components , while the minor ones are neglected . However there are many compo
nents (piping , valves, pumps, electrical components , etc.) which are impor-
tant for the safety of the plant and whose seismic analysis has to be performed.
Forrelatively light compcnents it is comparatively accurate to assume that no feed-
back action takes place from the component,so that the seismic time history due
to the earthquake and filtered by the building can be directly assumed by it.
This procedure is generally Known as 'calculating a floor response spectrum"
and it is used even for relatively heavy components even if in this case the
procedure may be relatively pessimistic [15] . Many tecniques have been pro-
posed using both stochastic [16] or semistochastic methods [Iﬂ,[lS] ; the use
of these methods has large .aadvantages in terms of cost and time as they are '
based on the use of the response spectrum analyses for the buildings . On the
other end time histories analyses have been proposed and used even if they are
relatively expensive. The first problem to be solved is the generation of a ti~f
me hystory compatible with the given ground response spectrum ; starting with !
a paper by Nih Chien Tsai  [19] tecniques have been proposed [21] an an !
earthquake time history representation by means a Fourier series . Both the
SIMQKE program [20)} and a home-made program THAMS ({[22],[”3] based on refe-
rence [21] . In fig.5 the time history compatible with the standard USA
Regulatory Guide 1.60 is shown as generated by THAMS program is shown,

Much discussion has been made abaut the relative merits of the simplificative

and time history methods, it is the authors' opinion that the use of the time
history methods are quite necessary in many cases (as an cxample whenever non
linear tecniques are necessary ar when tLime histories arc necessary as an

example for tesls on heavy machinery or electric components) , however defects
in the methods (lack in uniqueness in the solution, costs) may make the simpli
Eficative ones preferable. As an example , in many cases, it is not quitce neces
Esary to know exactly the floor response spectrum rather it is important toknow

tor which freguencies there is the so called penks region (large amplifications
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in the accelerations) and which is the minimum trequency tor which the floor
response spectrum is flat. In this cascs the advantage:s ot the simpiilied me-
thods are obvious.

6. PIPING ANALYSIS

The seismic analysis of piping runs is one of the main tasks for the designer
of a nuclear power system , due to the large numbers of components to be analy
zed . It should be further mentioned that ASME 3 NB pipes generaly have some
problems concerning the thermal analysis and consequent fatique evaluation, so
that it is convenient to have pipings as flexible as possible ; obviously
enough this necessity is contrary to the seismic one, as it 1s cuslomary to
have eigen frequencies higher than the peak zone ones in order to minimize

the accelerations in the pipe [24] . Then the use of viscous or inertial snub_
bers has been found particularely useful in solving this problem . However

the costs of these equipments is comparatively large so that there is a strong
necessity for the limitation of their number , besides the dynamic analyses
themselves are relatively expensive and time consuming so that some predesign
criterion is very useful indeed [25] .

Some simple predesign criteria (based on a hypothetic independent behaviour
of each span of pipe between successive supports) are used for the sizing of
the snubbers and a preliminary evaluation of their collocation. Then a final
dynamic analysis is performed for a final appraisal of the solution ; an
example is given in ref. 5.

It should further mentioned that a huge number of piping in a nuclear power
station do not have dilatation problems and their minor importance does not

require particular dynamic analysis, hence the simplified analysis are par-
ticularely interesting . Two criteriaare generally considered,

— each span is considered in an indipendent way so that the fundamental eigen
frequency is larger than the one corresponding to the beginning of the flat
region in the FRS ,

- the maximum stresses are very low so that the seismic excitation does not
contribute to a substantial increase in the stresses.

7. ANALYSIS OF ELECTRICAL CABLEWAYS i

Most of the safety related components are clectromechanical, whose cnergy comes
via electric wiring ; then they must be analyzed from a scismic point of view.
The problem dces not present substantial difficulty trom a theoretical point

of view, however the huge number of components to be analyzed represents  a i

difficulty in itself. Normaiization and the usce ot computerized procedures is

| then absolutely necessary in order to perform these analyses within reasonable
i
time and costs. ASDIC [96] is an answer to Lhese necessilics; the code is ca-
pable of analyzing the support structures of cableways and clectiric wicingms,



IV. 52

determining the maximum loads (dead load and seismic loads specified under

the form of support structures) compatible with each geometric configuration

(as an example see fig.6} Then the use of ASDIC together with a normalization
| makes these analyses quite easy.

8. ANALYSIS OF HEAVY COMPONENTS

The analysis of heavy components is a necessary step in assessing the safety
of the plant from the seismic point of view ., While many analyses have been
performed for important mechanical components such as pressure vessels,pumps
etc., few analyses have been reported about electrical equipments such as
motors, alternators etc. From a thecoretical point of view many problems seem
to exist as relative displacements between the stators and rotors could cause
heavy consequences on the normal service of the machinery. For this reason
some analyses have been performed (see fig.7) on typical machinery by means
of finite elements models (approximately 1000 degrees of freedom). The results
have been quite gocd showing that the normal working necessities claim for

heavy rigidity necessities, so that the machines are generaily rigid . Par_

! tial vibrations of some panels might take place, without any loss of functio-
i nality of the machine itself. Besides no large relative displacements among

' the different parts of the structure take place as due to the seismic excita-
tion, so that no large electrical problems are anticipated.
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SEISMIC BEHAVIOUR OF GUYED MASTS

Ond¥e] Fischer, Ing. C.Sc.
CS Academy of Sciences, Prague, Czechoslovakia :

SUMMARY

The method for computation of natural vibrations of guyed masts

with respect to the mass of guys is described and the possibili-
ty of solving the amplitudes excited by the motion of the ground
using modal analysis is demonstrated., At last the check of stres-|
ses caused by the permanent change of the distance between shaft !
and guy foundation blocks is given. :

RESUME

On a développé dans cette article une méthode de la résoclution
des vibrations propres du pyldne en prenant compte la masse re-
parti des haubans, On y présente aussi une méthode de la résolu-
tion des amplitudes des vibrations, qui prendent naissance dans
le mouvement des appuis, par la décomposition d'aprés les formes
propres, aussique la méthode de la résoclution d°influence du
changement permanent de distance parmi des foundations du plene
et des haubans.

ZUSAMMENFASSUNG _ ' :

Im Artikel wird gezeigt die Berechnung von Eigenschwingungen
des abgespannten Mastes mit Beriicksichtigung der Masse von Par-
dunen, und die Losung von seismisch erregten Schwingungen nach
dem Verfahren der Zerlegung in Eigenschwingungformen. Zum Schluss
wird die Schatzung von Spannungen gegeben, die durch die nach-
haltige Ver&nderung des Abstandes zwischen Schaft und Pardunen
Fundament verursacht sind.
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1. INTRODUCTION

Guyed masts are structures enabling the attainment of great
heights at relatively low costs and are, therefore, the tallest
structures in the world in general. Their static as well as dyna-
mic behaviour, on the other hand, is very complicated: a conside-
rable source of difficulties in the static analysis are the non-
linearity of supports and the great deformations of the shaft.

In dynamic analysis the assumption of linearity may be preserved
in the majority of the cases, but great difficulties are due to

a large number of natural frequencies and modes, and to their
mutual proximity. Particularly if the computation considers the
mass of guy cables the frequency spectrum is very dense. E.g.

for a television mast with 4 guy levels and the height of 320 m
altogether 14 natural frequencies were found within the limits

of O - 1.0 Hz. This number is even higher if the mast is guyed

by different cables in each level /e.g. oscillating about the
equilibrium position at a certain deflection due to static wind/.
A radio mast with heavy cables carrying heavy insulators will '
also have a major number of natural frequencies. On the other
hand, in the case of a mast with light cables of man-made fibres
the mass of these cables will practically play no role at all.

The seismic excitation of the mast may be due to either the mo-
tion of the shaft foundation /horizontal displacement or rota-
tion, if the mast is clamped at its foot/, or to the horizontal
movement of the cable anchorage foundation. Vertical movement is
‘not dangerous for the shaft, it could endanger the galleries or
cabins located on the mast; in the case of guy cables it would
come into consideration in exceptional cases only, since it does
not produce simultaneous oscillations of the shaft. The frequen-
cies of natural seismicity /2 - 5 - 10 Hz/ are comparable with
higher natural frequencies of the mast. These, however, similar-
ly as the higher modes, cannot be estimated approximatelly; it
is therefore very difficult to find some quasistatic solution.
Intuitively it is possible to say that these modes, in which the
higher vibrations of the cables prevail, do not manifest them-
selves, since the damping of the cables is in general higher.
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On the other hand the shaft, usually of allwelded design or con-
nected by means of friction bolts, has an extremely low damping,
80 that the modes in which the shaft vibrations prevail, can be
excited even in high frequencies,

Simultaneous, but probably very little synchronous excitation of
the shaft and guy-anchorage foundations should reduce the resul-
ting excitation of the mast as a whole. Newertheless, at higher
frequencies the excitation transferred by the cables can be ab-
sorbed and the vibrations of the shaft itself may ensue.

Another danger to a guyed mast during earthquake is due to the

fact that a permanent change of the distance between the founda-
tion of the shaft and the foundation of the guy cable may occur.
A suitable location and foundation of the mast in uniform geolo-
gical conditions should eliminate this undesirable effect; how-
ever, if it is not possible, it is necessary to foresee a certain
change of these distances and estimate it in the design. The
stresses due to this effect may be considered as temporary; after
the earthquake the cable length may be rectified and the shaft
stresses annuled.

During stochastic excitation of the limited white noise type the
response of the mast consists of the vibrations in natural modes,
whose frequencies are very near one to the other. In this way
beats occur and the case may arise in which the top of the mast
is suddenly displaced by a considerable amount in a certain mo-
ment. A8 a rule this effect will not be dangerous for the mast;
however, if it has been provided at the top with a pendulum vi-
bration absorber of a considerably lower frequency than the fre-
quency of the afore mentioned lurch, the absorber may break away.
In such a case the absorber should be therefore provided with
buffers limiting its displacements.

2. DETERMINATION OF NATURAL VIBRATIONS OF A GUYED MAST

For the solution of natural vibrations of a guyed mast a computer
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programme has been in use in our institute for a number of years,
modelling the mast as a continuous beam on elastic supports with
constant normal force and bending stiffness in every span, and
Ssolving it by the slope-deflection method [1]. /This programme was
written by J.Ndprstek/. Recently it was completed by the introduc-
tion of the mass of guy cables, using Kolou¥ek’s solution [2],
further elaborated and experimentally verified by Davenport (3].

Fig, 1 Displacement of one guy of the support
According to these for the cable amplitude can be written /Fig.1/

X { . XX 4 3IXx

= cpsm— 3 L ) ——
yix) = u g Sn® +ou [4_9_1 sin 5= + 3(3-0) vin =7
A - 5 x '
+. te o
5 (25~ Q%) N )
- 1r152'tgu Sit :
L=- 2 cosa 2eA Mgl 11/
* nts, mqt o ,
- m(8)
t-:AcugL 5;

o

L 2
2= X o8 {i— w oM@ 2{1 __:_th(gr_?ﬂ_)] :Q

and for the horizontal force in the upper end of the cable
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R= - u S°°€‘3“ 1~ pqt Qtgx miQ) :25, 12/
Ss argl Y

The reaction of a cable support depends on the frequency of mo-
tion. For 3 cables in one level it equals 1.5 times the force per
one cable /2/, for 4 cables double the force. If the cables in

one support are different, their forces must be composed general-
ly in the resultant reaction. An example of the "spring constant®
D=R : u of such a reaction is shown in Fig.2. With the excep-

ta[vm"]

Fig. 2 Dynamic stiffness of a guy support

tion of the first or the first two +the discontinuity points are
determined by the frequency parameters R =3, 5, 7, .... For
higher frequencies the cable stiffness is determined mostly by
its arxial deformation

R=-uBEAcosiu : 1 /3/

The solution of natural frequencies is carried out as follows:
for a chosen value of circular frequency first the support Btiff—j
nesses are determined, then the terms of the determinant of the
system of equations of motion and the value of this determinant

/its degree is twice the number of spans of the mast/. By the re-
petition of this procedure the frequency is found for which the
determinant equals zero. The number of discontinuity points of

the determinant is increased by the discontinuities of each :
cable. From Fig.2 can be seen, that these affect a very narrow |
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band and in computation can be lost even with a very small step
JAw = 0.01 rad.s'1/. In such a case the zero point approaches the
asymptote, i.e. the natural frequency of the mast is very near to
the natural frequency of the cable; it is therefore of some impor-
tance only for this one cable and with reference to the mast as a
iwhole they play no practical role. In most cases it will be suffi-
‘clent to consider the stiffness of supports /2/ only until the
‘2nd natural frequency of the support and further on the constant
8stiffness /3/ can be used. To the natural frequencies determinead
'in this way the natural frequencies of the isolated cables should
‘be added assuming that in these vibrations the mast remains at
rest, After the determination of natural frequencies also the ra-
tio of node displacements and rotations is obtained, from which
;the natural mode of the shaft and that of the cables /1/ is deter-
%mined, and the generalised mass

‘ m gy = Ve /4
where the integral includes the whole mast and all guys.

3. SOLUTION OF RESPONSE OF A GUYED MAST TO SEISMIC EXCITATION

.For the solution of the response of the structure to random as
well as deterministic stationary excitation the modal analysis
.18 most suitable, as a rule. Particularly in the case of little-
‘damped structures it is always possible to consider one natural
‘mode only whose frequency 18 near to the excitation frequency.
‘By & suitable procedure it is possible to get over the fact that
;the amplitude of 2 structure with a moving support cannot be ex~-
pressed by means of the base system of natural modes.

Starting from the general equation of motion of a prismatic beam

*uixt) Mvixdt)
&O.J\::zxt + 2w w Z)va(:.t) + E7 vo(:;} =0 /5

let us expand the solution according to the modes of natural vi-
brations and supplement it with zero term corresponding with the
given excitation of zero frequency and unit displacement, thus
having the meaning of the static deflection of the structure
,caused by unit displacement of the given support. Then it is
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Substituting the solution /6/ into /7/, multiplying the whole
equation by v(k{x) and integrating over the whole member we
obtain '

- 9 N .
FaP+2 Bugq ot » 030 q ot ==L 4 ) + 2 Buogy q 1) //

- where it has been introduced

— y 3
V“‘)(x) - E J V“o(x) ] VO (X) - 0 ] wb— B w“d

J v vy ) dx
| v:'n (x) dx

In /7/ qo(t) - time function of the support movement
f3 - relative damping
vo(x) - deflection line caused by unit displacement
of the support .
Supposing harmonic excitation qo(t)= q
change into

Py =

o exp(iwt) , /7/ will

. 2 2
Qo +2BW0w Qo) + Wiy q Y = g P, -

- 2‘1.015 D)@ Py ¥
The second term on the right hand side can be neglected for 1lit-
tle damped structures. From /8/ the generalised coordinates are

/8/

2%
- 9% Pw = _2Pw
C Nwggw I+ A By w v ) -1
in the near vicinity of resonance
- Lo p(k)
L™ "op /10/

This result means that the effect of the movement of the support
on the structure can be replaced by the effect of loading, pro-
portionate with the static defledtion curve due to the given
displacement. The solution itself can be effected using modal
analysis, and the resulting amplitude is superimposed to the ori-
ginal static deflection line. For little damped structures in
/6/ one term prevails and for the resulting amplitude can be
written
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v(x) = v (x) + q p(j) : 2 /11/

Numerical example

Let us determine the amplitude of vibrations of a beam clamped on
both ends, whose lower end moves harmonically va(t)= 1 sinwt .
Natural frequencies of a clamped beam are

2 ’ [

where Aq)= 4,730 , 7.853 , 10,996 , 14.137 , <eeus

The corresponding natural modes are

v(j#x) = (shA - sinh)(chszl = cosAx:l) -(ch).- cosl)(shxx:l -
sinax:1)

The static bending line for Va =1 is

vo(x) =2 x0:1° - 3 x2:1% 4 1 ’ 9, = 1

The amplitude of the beam at the frequency w = 4.502 VEJ :gu-l2
is described by generalised coordinates determined according to
/9/, in this particular case neglecting the damping, viz.

q(j) =2.989 , 0.0464 , 0,00791 , 0.00222 , 0,000803 , ece.
The excitation frequency 7.602 uEJ :Jxlz gives the coordinates
q(j) = —0.7762. ] 20739 [ 0.0811 ’ 000195 * see seoee

An exact solution of the sa-
me example, obtained from a general equation
v(X) = C.‘ chax:l + C, shax:1l + C3 cos Ax:l + C4 sin ax:1
with boundary conditions
x=0: v=1,v=0 x=21: v=0,v=0
yields the results whose graphic representation does not differ.

4, EFFECT OF THE CHANGE OF SUPPORT DISTANCE

A change of the distance between the foundation of the shaft and
that of the cable can occur either by gradual displacing of the
equilibrium position during seismic vibrations, or suddenly with
a geological disturbance between both fundations. Further on the
time-history of this displacement is not considered, It is only
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assumed that this change is not so sudden as to prbduce impact
phenomena in the cable. The method of solution used is analogous
with that used in [41,

Let us consider one support of a mast, consisting of a windward
and leeward cables /see scheme on Fig.3, notation according to
Fig.1/. The foundation of the leeward guy has been moved from

the shaft byAfl : the leeward guy is stretched, its sag is reduced
and the support will displace in the same direction. This displa-
cement reduces again the force in the leeward guy and increases
the force in the windward one. If the mast is statically determi-
ned, this displacement will continue untill both forces are equal
which will occur obviusly with the displacement u =40: 2 .

If the mast is statically indeterminate, the displacement of the
support causes the deformation of the shaft and consequently the
plastic or elastoplastic reaction depending on the magnitude of
the displacement. The new equilibrium position is determinated
by the condition .that the force in the windward guy and the reac-
tion of the deformed shaft may equalize the force in leeward ca-
ble. If the displacement of the guy foundation procedes in a non-
negligible velocity, the displacement of the support will conti-
nue by inertia beyond the equilibrium position so far, until the
kinetic energy in this equilibrium position is annuled by a fur-
ther deformation of guys ahd shaft. The process is then repeated
giving rise to vibrations, which will be obviously soon damped.
The mast with 3 guys in one level can be solved similarly: in-
stead of 2 windward guys one identical guy can be considered,

its end displacement is, however, only 1/2 of the displacement

of the support. The shortening of the distance ¥ will manifest
itself by the reduction of the force in leeward guy and the sup-5
port will be drawn towards the windward guy. This effect will- ;
probably be less dangerous, the solution would be similar, i
The displacement of the support u brings about in the windwardf
and leeward cables the forces related as follows |

¢ (#9”1( 1 1)y Su=Sew |

cosn [ 24 S, - §Z T £A ] /12/5
R L A Sot-S¢ |
u cos'o( [ 24 ( S: 3:1 ) ¥ £A ] /13/.

i
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where wg - weight of unit length of the guy
EA - tensile stiffness of the guy
Sow i soI - initial forces in windward, leeward guys
Sw » SI - forces in the guys at the displacement u
In original equilibrium position Sow = 301 = So 8
Owing to the displacement of the foundation of the leeward guy
in leeward guy S, changes into S,3 » for which holds /13/with

u=-at Sa2 =S, » Sp=S4y

Using dimensionless expression

ol L EA . Sot al _ 2
- = : = N =z —— COSOX
¥ Se . ¥ So S, A ]
/13/ can be rewriﬁfen
> + '3& 'Y‘—i - - YA - qﬂ-(p = 1
% ( Yl ( ) = 0 /14/
and consequently N 9
¥
v vl (g ) -3 <0 /151

Similarly for the force in windward cable from /12/ holds
) 2
3 1oyY :
. Y e 4) - 29 _ /16/

In these expressions has been further introduced

ﬁ,_. SL = Sl_ ; T = Sw - Sw . €= uCOszcx
; = ——

Sot aSo v Sow So I l
Solving /15/ and /16/ the reaction of the support can be obtained

R =(8y - 5,) cosux 7
or _ _ R /11/
An example of the calculated relation between the reaction R
and displacement u of the support for various initial founda-
tion shift Al is shown in Fig.3.

For the analysis of stresses in the mast it is necessary to de-
termine, apart from the force of the support R(u), also the
reaction of the shaft to the displacement of the support under
consideration P(u). It means to solve the mast without this sup-
port, loaded in this place by a horizontal force of various mag-
nitudes. Obviously, this relation will have to be solved even
beyond the yield 1limit considering the formation of plastic hin-
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Fig. 3 Support reaction and displacement for different shifts
of the guy foundation block
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ges and the possibilities of mast failure. Both these relations
will be plotted in one diagram /Fig.4/. At the point of intersec-
tion of both lines there lies the new equilibrium position of the
support. The extreme displacement of the support is given by the
condition of equal aereas between both lines before and beyond
the equilibrium position, From the position of these points on
the curve P(u) the danger of failure or the extent of damage

can be judged.

TAN&)
~HF“Php 1]
N
“
) JPle) ”N\
N
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Fig. 4 Guy support force and restoring force of the mast

5. CONCLUSION

Generally small seismic effect can be expected from guyed masts,
newertheless vibrations of the shaft in some higher mode can oc-
cur. The solution of such a case must be carried out exactly,
since a simplified approach can hardly find higher modes.

In bad geological conditions the effect of the change of mutual .
position of foundations should be assessed. 5

. REFERENCES

1. KolouSek, V,.: Dynamics in Engineering Structures. Butterwords '
London, Academia Praha, 1973

2. Kolou¥ek, V.: Solution statique et dynamique de pylones a“an-
tenne. Mémoires AIPC V, Zurich 1947

3. Davenport, A.G, Steels,G.N.: Dynamic behaviour of massive guy
cables. Proc.ASCE, ST 2, April 1965, p. 44 - 70.

4. Fischer, 0.: Effect of rope failure on a guyed mast. Proc.
conf. IASS5-Cable structures, Bratislava 1975, p.282 -288.



Iv., 71

EARTHQUAKE-RESISTANT DESIGN OF SUBMERGED TUNNELS
L'ETUDE ANTI-SISMIQUE D'UN TUNNEL IMMERCE

DIE ERDBEBENBESTANDIGKEIT ABGESENKTER TUNNEL

by

S. Okamoto
President, University of Saitama
Professor Emeritus, University of Tokyo
Japan

C. Tamura
Professor, Institute of Industrial Science
University of Tckyo
Japan

SUMMARY

It is shown from the results of earthquake observations and model vibration
tests of submerged tunnels that deformations of such tunnels during earthquakes
are governed by the deformation of ground. The features of earthquake resist-
ance of submerged tunnels are described and the concept serving as the basis for
earthquake-resistant design, points to be kept in mind in designing, and exam-
ples are given.

RESUME

D'aprés les résultats de 1'observation de tremblements de terre et d'essais de
modéles de vibrations sur des tunnels immergés, il est apparu clairement que le
comportement d'un tunnel de ce type pendant les tremblements de terre est
principalement fondé sur la déformation du terrain selon l'axe du tunnel. Les
caractéristiques de la résistance de tels tunnels aux tremblements de terre,

le concept fondamental d'une structure résistante aux tremblements de terre
pour de tels tunnels, et les considérations faites au sujet de leur structure
sont decrites.

ZUSAMMENFASSUNG

Auf der Grundlage von Erdbebenbeobachtungen und Vibrationsmodellversuchen an
abgesenkten Tunneln wurde festgestellt, daf das Verhalten eines solchen Tunnels
im Verlauf von Erdbeben hauptsachlich durch eine Verformung des Bodens entlang
der Tunnelachse bestimmt wird. Der Inhalt befaBt sich weiterhin mit der
Charakteristik abgesenkter Tunnel in Bezug auf Erdbebenbesténdigkeit, dem
Grundkonzept einer erdbebenbestindigen Konstruktion fur solche Tunnel und
Punkte, die bei deren Konstruktion berlicksichtigt werden miissen.
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L., INTRODUCTION

Due to the earthquake situation of Japan there has been much concern regarding
earthquake resistance of submerged tunnels and studies of this matter have

been continued and earthquake-resistant design standards have been established.
Recently, submerged tunnels as listed in Table 1 including those under construc-
tion have come to be built, mainly as major traffic facilities. In this paper,
the behaviors of submerged tunnels during earthquaeke, their structural fea-
tures, and methods of response analysis will be described.

2. FEATURES OF SUBMERGED TUNNELS SEEN FROM ASPECT OF EARTHQUAKE RESISTANCE

Seen from a structural standpoint a submerged tunnel is comprised of the so-
called submerged tunnel, approaches, shafts and ventilation towers. These
sections, respectively, have the characteristics described below, '

2.1 Submerged Tunnel This is a tubular structure of large cross section
usually buried in soft ground at the bottom of water or below the ground water
line. Therefore, the stability of the ground during earthquake is an essential
condition for earthquake resistance of the tunnel, and the interaction of the
ground and the tunnel becomes a fundamental matter. It may be anticipated
that there will be portions produced in the tunnel walls which are in stress
conditions of more or less pure compression or pure tension. Since concrete

is generally used as the principal material, it will be necessary for these
stress conditions to be watched.

2.2 Approach This is a section from the submerged tunnel section to the
surface which usually is of tunnel or open channel structure, or a combinaticn
of both, Examinations of these structures are normally by the seismic coef-
ficient method,

2.3 Shaft, Ventilation Tower These are vertical structures provided at
the tunnel portion with the main purpeses of construction of the tunnel and
ventilation, with some towers rising as high as 40 m above the ground surface.
In connection with the tunnel, these structures frequently comprise a part of
the tunnel, The behaviors are considered to be similar to those of buildings
in general and earthquake-resistant design is being done by the seismic coef-
ficient method.

Tunnels of this type are structures connecting parts such as the above which
have differing dynamic properties. Consequently, the manner in which these
structural parts which indicate divergent behaviors during earthquake are con-
nected is an important problem of earthquake resistance of the structure. In
order to solve this problem, it is necessary not only for the behaviors of the
ground and the various structural parts during earthquske, but also behaviors
during normal times such as uneven settlement of the ground to be known.

Evaluation of earthquake resistance is carried out not only from the viewpoint

, of structural dynamies, but also based on various factors such as type, func-
tion, importance, scale, etc. of the structure. When cases of these long
structures built at the bottom of water and moreover in the ground being used
as major traffic routes are visualized, it is necessary for special considera-
tions to be given to functioning of safety facilities such as fire extinguish-
ing and water drainage in case of emergencies, and securing of sureness of
action during emergencies. ©Since this will also influence the structure it-
self, investigations and examinations will be necessary from the planning
stage.
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The above indicates features regarding the earthquake resistance of submerged
tunnels.

3. BEHAVIORS OF SUBMERGED TUNNELS DURING EARTHQUAKE

3.1 Farthquake Damage to Tunnel Submerged tunnels have not yet experienced
major earthquakes, and thus, there is an important significance with respect to
determining earthquake resistance in knowing the behaviors and the kinds of
damage suffered when similar structures are subjected to strong earthquake
motions.

In general, earthquake damage to mountain tunnels is restricted to limited
portions at epicentral areas with damage conditions being comparatively con-
stant, and with most of the damage occurring at portals or their vicinities,
while at middle portions of tunnels where the geology is generally good,
damage is small. When there has been damage at the middle portions of tunnels,
that this was due to the poor conditions of the ground at the location of the
damage can be pointed out from cases during the Kanto Earthquake, Kitamino
Earthquake and the Niigata Earthquake, This indicates that the conditions of
the ground around the tunnel exert a great influence on the tunnel. It has
been reported that the conditions of the natural grounds of damaged tunnels at
relatively long distances from epicenters were all poor.

Komine Tunnel on the Atami Line (present Tokaido Main Line) is an example of
damage of a tunnel in soft ground. At this tunnel, the portion 184 ft from
one of the portals had retaining walls built on excavating ground consisting
of red clay by open cut, with reinforced concrete girders crossed over to
provide a cover for a backfilled structure, a structure extremely different
from the case of an ordinary mountain tunnel. This open-cut section crumbled,
but going in further toward the Atami side, the geology became better and
there was slmost no damage. This damage is considered to have been caused due
to the structure having been in soft ground with little coverage so that
structurally the earth pressure during earthquake could not be resisted.

At the time of the Niigata Earthquake (M = T7.5), the city of Niigata at a
distance approximately 40O km from the epicenter suffered extreme damage with
liquefaction of the ground as the main cause. Near Niigata Station there
was Jjetting of scoil at the surface of the ground. An underground passageway
at this staticn was a reinforced concrete structure of a box cross section
supported by foundation piles and the cross section itself was not damaged at
the time of the earthquake, but misalignment and rotation occurred at joints
in the longitudinal direction so that the surface of the bottom slab became
uneven and ground water entered the tunnel from the joints.

The examples of damage described above indicate that for tunnels in soft
ground both earthguake resistance of the transverse cross section and earth-
quake resistance in the longitudinal direction must be considered in struc-
tural design.

Since submerged tunnels are buried near the surface of soft ground, these
examples of damage serve as valuable references, but because water pressure
comprises a great part of the load, the transverse cross section is made
strong in design in any event, and the structure and strength in the axial
direction will consequently become subjected to serious consideration.

3.2 Earthquake Observations The behaviors of submerged tunnels buried in
soft ground will be described based on the results of several earthquake
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observations. As far as the authors know, earthquake observations are being
carried out at the submerged tunnels of Haneda, Kinuura Port, Tokyo Port and
Ohgishima. The items of measurement do not necessarily coincide, but acceler-
ation, strains and displacements of tunnel walls are main, besides which there
are reinforcing bar stress transducers and joint meters installed. There are
also cases of accelerometers installed at the ground surface and in the ground
in connection with the behaviors of the structures. The following discussion
is centered around earthquake observations on Haneda Submerged Tunnel (Japanese
National Railways) which have been going on since 1970,

3.2.1 Haneda Submerged Tunnel This tunnel extends from a point at the

left bank of the Tama River somewhat upstream from the entrance to Haneda
Airport, crossing the river in a slight arc convex in the upstream direction to
reach the Kawasaki side, and the length of the submerged tube part is L80 m.
The tube is composed of 6 reinforced concrete elements of oval-shaped cross
section each having & length of 80 m, height of approximately 8 m, and width

of approximately 13 m with corrosion-proofed steel plates 6 mm in thickness
forming an outer shell. These elements will be tentatively numbered herein

as 1, 2, ...., 6 in order from the Kawasaki side.

With respect to the ground, a soft alluvial layer of about 40 m at the middle
of the river and 10 and several meters at the Kawasaki side cover the well-
compacted so-called Tokyo Sand-Gravel Stratum. The predominant frequencies of
the ground obtained from microtremor observations were 0.23 to 0.33 Hz, 0.5 to
0.79 Hz, and 0.9 to 1.1 Hz. As observation instruments two accelerometers each
were installed at Element No. 2 and No. 4, while four strain meters each were
provided to measure strains of side walls in the axial direction.

From April 1970 until the present it has been possible to record more than 30
earthquakes where strains and accelerations were of extents considered to be
significant for analyses. Fig. 1 shows a portion of the record for an earth-
quake of M = 7,3 which occurred east of Hachijo Island on December 4, 1972 in
which the maximum strain for all earthquakes up to the present was recorded.

In this figure, No, 4 TSA is the horizontal acceleration in the direction
orthogonal to the tunnel axis observed at Element No, 4, while Nos. 5 to 8 are
strains in the direction of the tunnel axis recorded at the tunnel walls.
Although measurements of strain were made at two points 50 m apart, that the
strain waveforms are very closely similar, and moreover, that there is practi-
cally no phase differentisl, that the predominant frequency of the strain wave-
form agrees well with the low-order predominant frequency, and that predominant
vibrations of approximately T sec are seen at the end of the record, are promi-
nent features,

Fig. 2 is the record of an earthquake of M = 4,9 and epicentral distance of 17
km which occurred at the northern part of Tokyo Bay on March 27, 1973. Com-
pared with Fig. 1, vibration components of short periods are predominant in the
acceleration waveforms indicated by TAA and TSA from which it is seen that
strains in the direction of the tunnel axis are extremely small for the degree
of acceleration,

Fig, 3 illustrates maximum acceleration and maximum strain by earthquake. The
greater part of the measurement results are contained hetween two roughly
parallel straight lines and the two lines are surmised to represent the upper
and lower limits. The points in the vicinity of the lower limit line are for
cases of earthquakes in which the magnitudes were small (5.1 and under) and

the epicentral distances were short, and vibration components of relatively
short periods of 2 to 3 Hz or more are predominant. The points near the upper
limit line are for cases with practically no vibration components of relatively
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short periods as mentioned above, and vibration components of periods of 1 to

2 sec or longer are predominant where large strains are produced considering
the degree of acceleration. It is important that for the same maximum acceler-
ation sizes of strains varied as much as 15 to 20 times, and this can be con-
sidered as representative of the frequency response properties of tunnel
strains against acceleration. At the upper limit line the strains were 1.5 to
2.0 xGlO‘G per gal, while at the lower limit line they were about 0.1 to 0.15

x 10~°.

Fig. 4 indicates the relation between maximum strain and epicentral distance
with magnitude as the parameter. When megnitude is at a constant level, it is
seen that the degree of reduction in maximum strain with increase in epicentral
distance is extremely small compared with the maximum acceleration of earth-
quake motion, and that there is not very much reduction according to distance.
It is thought this is because the low-order predominant period of the ground

is long and earthquake motion components having this period are not decreased
very much by the increase in distance. Also, it may be considered that in the
range of short epicentral distances, vibration components of short periods
become relatively large in number. Based on the figure, for the range of
around M = 5-7, the following experimental formula holds between maximum strain
€m(H) produced at this tunnel during earthquake, and magnitude M and epicentral
distance A (km):

logroEy = o.Tth—O— 3.2

Figs. 5 and 6 are power spectra of strain waveforms and acceleration waveforms
for 107.8 sec of the initial part (indicated by (a) in the figure) and the

part between 56 and 80 sec (indicated by (b) in the figure) of maximums in the
earthquake record of'Fig. 1. Although the relative size of the extreme maximun
value for each frequency varies, it may be seen that both are predominant at
roughly identical frequency portions., In cases of earthquakes of around M =
6-7, vibrations of about 0.3 Hz do not appear very prominently, and vibrations
of about 0.5 to 1 Hz are predominant.

When taking into account alsc that the frequencies of predominant vibrations
at this cbservation site determined from microtremor observations are at rela-
tively low levels such as 0.23 to 0.33 Hz, 0.5 to 0.79 Hz, 0.9 to 1.1 Hz, and
1.3 to 1.4 Hz as previously mentioned, it may be considered that the vibrations
predominant in the acceleration record and the strain waveforms during esrth-
quake are vibrations of the ground. When strain records and acceleration
records are compared, that the sizes of strain and acceleration are not di-
rectly related can be seen from the records of the two in Fig. 1, and rather,
the spectrum of strain is similar to the form of the spectrum of displacement
converted from the spectrum of acceleraticn, Also, it may be seen that when
strain records are viewed from an overall standpoint there is geometrically
great similarity. This is especially distinet in cases of earthquskes of com-
paratively large magnitudes (indicating magnitudes of about 6 or higher).

Fig. T indicates the strains produced in the tunnel in the axial direction and
due tc bending deformation calculated from strain records of the right and
left walls. The strains due to axial-direction deformation had vibration com-
ponents of long periods, and those due to bending deformation were vibrations
of relatively equal periods, Power spectra regarding these are also given in
the figure. As for the sizes of strains due to axial-direction deformations,
they were approximately quadruple the strains due to bending deformation, and
it is necessary to pay attention to the fact that the width of the tunnel is
13 m. Further, regarding the phase differentials between recorded waveforms
for measurement points 205 m apart, there were practically no cases of axial-
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T
" direction deformations, with only slight amounts seen to occur in cases of
bending deformation.

+ 3.2.2 Kinuura Port Tunnel Kinuura Port Underwater Tunnel which was opened
in 1973 has a submerged tunnel section of a length of 480 m comprised of 6
elements of reinforced concrete box cross sections of height of 7.13 m and

- width of 15.6 m., The soil conditions differ somewhat for the two sides, with

. down to =5 m from the ground surface being considerably soft fill, and below
-18 m consisting of diluvial sand-gravel and sand layers, but at the inter-
mediate silty clay, the negative side was a hard clay layer of N-value 9 to 13
and the other side & soft clay layer. Observations are being made by the Port
and Harbor Research Institute of the Ministry of Transport, and the instruments
used for observations are 19 accelerometers at vertical shafts and submerged
elements, one displacement meter at the middle of the submerged tunnel, and
strain meters in couples right and left at three cross sections for a total of

. 8ix, and four reinforcing bars stress transducers each at the submerged ele-
ments and vertical shafts.

Fig. 8 gives the acceleration records in the direction perpendicular to the
tunnel axis obtained at the ground surface and the land tunnel parts in case
of an earthquake of epicentral distance of 185 km, depth of 60 km and ¥ = 5.8.
Further, from the records of accelerometers and reinforcing bar stress trans-
ducers, it was judged that the submerged tunnel does not behave uniformly as
a whole, but shows complex behaviors in connection with the vibration proper-
ties of the surrounding ground.

For earthquakes of magnitudes of 5.3 and 4,9 and epicentral distances of 30 km
and 50 km, respectively, short-period components were predominant and it was
found that the ground and the submerged tunnel did not show behavior as omne.

3.3 Vibration Model Experiments In investigating the behavior during
earthquake of this type of tunnel the authors conducted model experiments with
the objectives of grasping principle-wise the behaviors of the ground and the
tunnel which are basic and the interactions thereof.

The experiment generslly carried out consists of making & three-dimensional
model of a fairly broad area on a shaking table using a material of low Young's
modulus in which the tunnel model is buried, and applying vibrations. It
appears there is no other way of showing in an experimentally measurable range
that self-~vibrations of surface layer ground are predominant in a strong earth-
quake, As for experiments in the elastic range, it is easier by this method to
improve reproduceability and accuracy of the experiments, and this method is
rather of advantage for the objective,

Fig. 9 shows the case of a model vibration experiment conducted by the authors,
the model being 2.2 m in length and 0.8 m in width. The material for the
ground was gelatin, while the tunnel was made of silicone rubber. The so-
called bedrock was made horizontal, and of the length of 2.2 m, the two end
portions had surface layer ground which was thick and after passing sloped
sections the middle had a uniformly thin surface layer ground. This model,
because of the limitations in performance of the shaking table, was subjected
to sinusoidal vibrations in the one direction of horizontal (either exial
direction or direction orthogonal to axis). Since the model tunnel was made
of silicone rubber and there is no suitable gage for dynamically measuring
strains of the model tunnel available at present, measurement of displacement
was substituted.

The fundamental matters clarified by the model experiments may be summarized
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as follows:

- When grounds having differing self-vibrations are adjacent, the range in
which there is interacticn is comparatively small and effect is limited to the
adjoining area and its vicinity. However, in case of high-order vibrations
the influence is seen over a relatively wide area.

- The tunnel vibrates at the frequency of the vibrations of the ground and
deforms in correspondence with deformation of the ground. Consequently, the
tunnel msy be considered as a massless beam connected to the ground.

- A submerged tunnel shows bending deformation and expansion deformation.
- Shaft and ventilation tower portions show rocking motions.

Considered together with phenomena observed in similar experiments carried out
separately, the following were also clarified:

— When subjected to vibrations at waveforms of real earthguakes low-order
natural vibrations are seen to be extremely predominant in vibrations of the
surface layer ground.

- When two kinds of ground having greatly differing natural frequencies adjoin
each other through a sloped section, each ground vibrates with its own natural
vibration, the vibrating states wvary at the slope, and a large section force
is produced in the tunnel at this part.

-~ In relation to the gradient of the slope, intermediate vibrations between
the natural vibrations of the grounds at the two sides are seen to be pre~
dominant, and there are cases when phases become divergent along the axial
line.

- Since displacement of ground directly related to displacement of the tunnel
is displacement of the ground at the tunnel location, the distribution of
displacement of the ground in the direction of depth must also be considered.

- Since the stiffness of the tunnel against deformation in the axial direction
of the tunnel is extremely great compared with that of the ground in which it
is buried, when the wave length of the displacement of the ground measured
along the axial line is relatively short, it is difficult for the tunnel to
deform in accordance with deformation of the ground. Consequently, the
behavior of the tunnel is determined by the distribution of dynamic charac-
teristics of the ground on the axial line of the tunnel for a relatively long
section, Accordingly, when there are local variations in the state of vibra-
tion of the ground, the movement of the tunnel will not necessarily be the
same as for the ground in some cases.

~ With respect to a direction perpendicular to the tunnel axis, since the
tunnel is more easily deformed than in the above case, the deformation of the
ground is more easily followed,

— Since shaft and ventilation tower portions generally have great rigidities
against bending deformation, they vibrate in accordance with the distribution
of displacement of the ground in the direction of depth and rocking vibrations
are produced.

- By adopting a joining method allowing movement at the joints of shafts and
ventilation towers with the tunnel it will be possible to alleviate large
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local stresses produced at the joints,

Besides experiments of this type, the authors have conducted vibration experi-
ments burying tubular bodies in actual ground, These experiments, when seen
from the standpoint of similarity, may be said to comprise vibration tests of
the actual tubular bodies buried. In these experiments, long steel pipes or
vinyl pipes of relatively large diameters were buried near the ground surface,
and vibrations were produced by & special S-wave generating apparatus or by
explosions and impact, and displacements of the pipes and ground, accelera-
tions, and strains were measured, As a result, it was learned that the tubular
bodies often vibrated in the same manner as the ground. In these experiments,
there were cases when vibrations of the tubular bodies were induced, although
very slightly, by impact.

k. INTERACTION OF GROUND AND TUNNEL

Regarding the interaction between the ground and tunnel, it was learned from
earthquake observations and experimental studies that the behavior of a tunnel
during earthquake can be considered as that of a beam (or a pipe) of which
mass can be neglected connected to the ground by a spring — not necessarily
a linear spring. When the shear deformation of the tunnel is ignored the
following equations hold true for deformations of the beam,

Deformation in Axial Direction of Tunnel

2
EA -gx—’; - Kgu = ~Kgug

Deformation in Direction Orthogonsl to Tunnel Axis

d*v
BT 5%+ Kyv = Kyvg

where A : cross-sectional area of tunnel
E : Young's modulus of tunnel material
I : geometrical moment of inertia of tunnel cross section
Kes Ky ¢ spring constants of springs connecting tunnel and ground
for displacements in axial direction and direction ortho-
gonal to axis of tunnel.
U, ug : displacements in axial direction of tunnel of tunnel and
ground, respectively.
v, Vg : displacements in direction orthogonal to tunnel axis of
tunnel and ground, respectively.

In order to investigate the response of the tunnel to deformetion of the
ground, letting ug and vg be

21
a cos 5=

and obtaining the solutions to the above equations, they will respectively be

2
Bx 2mx
U = —p—————— a cOoS >

(-2;,\1)2 + 8.7
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and the axial strains {eyx) or fiber strains (Ey) of the tunnel against u and v
may be expressed by the following equations, respectively:

B2 vl
Ex = a -ELJJL—————-a i gﬂ-x
= dx T T Tom.z2 g o SLETR
(57 + Bx
w2 2
d%v By ( A ) on
€y = P07 = ~ “owow . ‘Yra cos - &
(jrﬁ + B
However,
K K
2 _ X v _ Y
Be” =gz » By T EI

r, rpo : distance measured from neutral axis of tunnel and edge
distance

The value of Iexl is a maximum at A = 2ﬂ/Bx and

l€x lmax = Bx/2

The value of |Ey| indicates a maximum at A = 2ﬂ/By, and with r = r,, becomes
= 2
Ieylmax = rofy“/2

Fig. 10 indicates the relation between strain in the axial direction of the
tunnel and the wave length of the ground for By and By.

In general, since By < By, the wave length which indicates the maximum value
of strain due to axial-direction deformation is several times the wave length
for bending deformation, and therefore, it is seen to be preeminent at the
portion where wave length is long compared with the case of bending deforma-
tion, and moreover, preeminent at a wave length realm of fairly wide range.
From this, in case of vibration having an amplitude spectrum which is con-
stant, the spectrum of strain produced at the side wall of the tunnel will
have a realm of wave length predominant for the direction of bending deforma-
tion which differs from the realm of wave length predominant for axial defor-
mation.

5. BASIC THINKING IN EARTHQUAKE-RESISTANT DESIGN

As previously stated, since a submerged tunnel is a structure of a new type
which shows behavior during earthquake which differs from that of a structure
on land, in order for rational earthquake-resistant design to be made, it is
necessary to establish the manner of thinking and method of design based on
the behavior. For this purpose, the Japan Society of Civil Engineers organ-
ized a committee to study earthquake resistance of submerged tunnels with
deliberations commenced in 1971, and in 1975 completed "Specifications for
Earthquake Resistant Design of Submerged Tunnels" (hereinafter to be called
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| "Specifications”). In this, the thinking with regard to design is described
from a new viewpoint. A discussion follows below,

5.1 Barthquake for Design It has been clarified that the earthquake
resistance of a submerged tunnel is closely related to the ground in which it
is buried.

In major earthquakes of the past failures and damsge have occurred over wide
areas at alluvial ground, and even in medium-scale earthquakes, as seen in the
case of the Fukui Earthquake, there was failure of the ground at the epicentral
area. And as previously described, it was learned that when the period of the
low-order predominant vibration of the ground is 1 sec or longer, strains in
the axial direction produced in the tunnel walls during earthquske will not be
reduced as much even when epicentral distance is increased, and that rather,

it is the magnitude of the earthquake which greatly influences strains. For
these reasons, it is necessary to consider earthquakes occurring in a compara-
tively wide area as earthquakes to be considered for earthquake-resistant
design. In the Specifications, it is proposed to estimate the frequency of
earthquake occurrence in an area with a radius of 200 km with the construction
site as the center based on earthquake records from the beginning of history
and using the formula of ISHIMOTO-IIDA. The scales of earthquakes and their
number occurring during a given period in the future is to be estimated by
this means. The earthquakes and their scales which are frequently used for
dynamic analyses of submerged tunnels in the vicinity of Tokyo are great earth-
quaekes of magnitudes of around 8 belonging to the Outer Seismic Zone and earth-
quakes of magnitudes about 7 occurring at close distances. Further, it is
stipulated in the Specifications that earthquake observations are to be carried
out in order to know beforehand the natures of ground motions at the tunnel
site as a safety measure for the submerged tunnel,

5.2 8Stability of Ground The examinations of stability of ground during
earthquake presently being made may be broadly divided into exsminations of
the stability of slopes and examinations of ligquefaction of sandy ground. In
both cases, the problems are difficult ones where earthquake motion, topogra-
phy, geology and ground structure are inter-related and many investigations
and research works are now in progress in this regard. For a submerged tunnel,
even in case of a cohesive soil which does not easily liquefy, the displacement
of the ground during earthquske must not be so large that damage is inflicted
on the tunnel, and care must be exercised that reduction in bearing power will
not be extreme to produce trouble with respect to earthquake resistance,

This problem may be split along the lines of stability of ground in a compara-
tively wide area at the tunnel site and stability of ground in the immediate
surroundings of the tunnel. Care will be required since there will be cases
of the measures against earthquake differing according to the above.

In order to examine the earthquake resistance of the structure and stability
of ground in relation with the ground and soil properties, it is necessary
besides various static and dynamic laboratory tests using samples, for various
measurements to be made with boreholes such as speed of seismic waves and
velocity of seismic waves, and seismic prospecting to be carried out. The
Specifications cite the following as investigations and tests to be imple-
mented:

Boring and sounding (standard penetration tests)
Sampling and laboratory tests of samples

Measurement of seismic wave velocities with boreholes
Measurement of density of soils
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- Microtremor observation

There are times when the values cbtained from a plural number of such tests
and investigations on the same dynamical quantity will not coincide. This is
because differences are produced depending on strain level, method of testing
and process of testing. This is especially sco with the results of dynamic
testing, and in case of evaluation in relation to earthquake resistance there
are numercus difficult problems, Although it cannot be said that under the
present circumstances a method of evaluation has been firmly established, the
information will be of importance when making an engineering judgment of
stability,

With regard to stability of ground the sliding plane method is customarily
used for slopes. In the Specifications, it is stipulated that even for hori-
zontal ground a horizontal sliding plane is to be assumed in the ground and
sliding of the plane evaluated through application of the seismic coefficient
method. It is proposed that in certain cases the surface layer should be made
equivalent to a shear vibration model having one-degree-of-freedom plastic
spring characteristics to make earthquake response calculations for examina-
tion of displacement of ground.

Concerning liquefaction, ground consisting mainly of sand of uniform grain
size which is not well compacted is considered as being a problem. As methods
of examining stability, there are methods from the aspect of stress such as
the one in which stress conditions during earthquake are assumed and testing
is done reproducing the stress conditions in the sample, and the one in which
loads of stationary waveforms and real earthquake waveforms are applied, while
there are alsc methods from the aspects mainly of condition of ground and
material such as N-value and grain-size distribution. Studies related to
liquefaction are now in active progress and the phencmenon is gradually coming
to be clarified, but there is still necessity for examination, and the Speci-
fications take the stand that stability of the ground is to be judged from
grain-size distribution, N-value, and maximum acceleration of ground carrying
out dynamic tests on soil and grasping the properties of the soil during
earthquakes. Depending on the results it may become necessary for foundation
improvement, rerouting and structural changes to be made.

The stability during earthquake of soil backfilled arcund the tunnel is also
of importance. Complex stress conditions are produced in the surrounding
ground of the tunnel during earthquake. Care must be exercised since large
plastic deformation and liquefaction of the surrounding ground will be the
causes of instability, uneven settlement and upheaval of the tunnel.

5.3 Basic Concept of Earthquake-Resistant Design As previously mentioned,
since a submerged tunnel possesses a number of distinct features, there are
areas in the method of earthquake-resistant design which differ from those
for structures of other types. The essentials of the basic principles given
in the Specifications will therefore be listed below.

- Consideration is given for earthquake resistance of the total structural
system including the topography and geology of the construction site.

- In carrying out earthquake-resistant design for the wvarious parts of the
tunnel, the displacement of ground during earthquake or the design seismic
coefficient is to be used as the basis, while for the total structural system,
design and examination based on dynamic analyses are to be performed.

- For design of Jjoints and other parts where variation in rigidity will be
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prominent, the influences and effects thereof are to be examined.

~ For safety measures during earthquake, considerations are to be given that
control and operation of various facilities for the safety measures will be
carried out with sureness.

Regarding the first point it has already be explained in outline, What should
be noted with respect to the second point is that designing is to be done based
on displacement of the ground, and that dynamic analyses are to be made for the
total structural system. In the past, in earthquake-resistant design of ordi-
nary structures, the basic factors had been the inertia forces of the various
structural parts during earthgquake, but in the case of a submerged tunnel, the
displacement of the ground during earthquake is the basic factor, according to
which the concept of design becomes different, Since the measure of design
seismic coefficient which considers earthquake force is changed to displacement,
it becomes necessary for examinations to be made of the data required and of the
relation between acceleration and displacement, Further, as described pre-
viously, since a submerged tunnel comprises a structural system where struc-
tures of different properties in earthquake response are connected and made
continuous, even if each of the structural parts is designed by an established
method, a necessity arises for matters concerning connections and behavior as

8 whole to be studied. The third point has a relation to the second. Not only
will the methods of connecting the various structural parts, and types and
methods of joining elements greatly influence stress levels produced, but also
they will have a relation with functioning of the tunnel, and therefore, it has
been stipulated that examinations are to be made with special care. According
to an example of analysis, for a submerged tunnel section of length of approxi-
mately 1 km, in case free displacement was permitted between the submerged tube
part and a vertical shaft, relative displacement of several cm was computed to
occur., In regard to the fourth point, it is directed that measures for safety
during earthquake are to be implemented in addition to structural design, and
that considerations are to be given to planning, structure, equipment and
materials so that the safety measures will be actuated without fail during
earthquake.

The above signifies that earthquake-resistant design which had been made sepa-
rately for the various parts due to the characteristics of this structure is
to be carried out in unified form.

5.4 Dynamic Analysis Next, an outline will be given with respect to dy-
namic analysis, Ventilation towers and retaining walls of approaches are
designed for earthquake resistance by the conventional seismic coefficient
method or the modified seismic coefficient method, and there is much experience
regarding their earthquake resistances, whereas tunnels of this type have not
experienced major earthqguakes. Accordingly, it was decided that dynamic analy-
ses should be made to more accurately grasp dynamic behavior of the structural
system inecluding the ground. It is proposed in the Specifications that as
dynamic analyses, experimental analyses based on mcdel vibration experiments

in the laboratory be carried out in addition to earthquake response calcula-
tions. The objective is to grasp in deteil and with accuracy, through organic
combination of the two analyses, the behaviors during earthquake of the ground
and tunnel under three-dimensional and complex ground conditions, For earth-
gquake response analysis there are the method of determining response by a
three-dimensional finite element method and the method described below which
utilizes models for dynamic analysis, with the latter being generally used.

5.4.1 Models for Dynamic Analysis The authors, with the basic information
as described above concerning behaviors of ground and tunnel during earthquake
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obtained from earthquake observations and model experiments, have proposed dy-
namic analysis models which are of theoretical nature yet aim for practicality.
These models, as indicated in Fig. 11, are divided into numerous segments cut
by the surrounding ground of the tunnel and planes perpendicular to the tunnel
axis, with each segment replaced by a one-masspoint-spring system equivalent

to primary shearing vibration and with these masspoints further connected in
the axial direction of the tunnel by springs, for calculating the planar dis~
placement waveform of the ground during earthquake spring-connecting this and
the tunnel to determine the deformation of the tunnel. ©Since the correspond-
ence of this model with high-order vibrations is not adequate, there have been
cases where response accelerations have been calculated to be fairly small,

but for strains in the axial direction of the tunnel, sufficient accuracy has
been obtained as there is little effect of high-order vibrations of the ground.
Regarding the effect of high-order vibrations on strain, it is possible for
approximate calculations to be made through improvisations of the application
method of the model. However, when the state of the ground is extremely complex
three~dimensionally, there may be cases arising where this model will not be
adequate. On analysis by this model for the previously described vibration
model experiments, results which agreed well with those of the experiments were
obtained.

5.4.2 Model Vibration Experiments Gelatin and soil stabilizer of the
acrylamide type were used as materials for ground in model experiments, while
silicone rubber was used as the meterial for tunnels.

It is difficult under present circumstances to numerically analyze the earth-
quake response of a submerged tunnel when it is constructed at ground where
topography, soil and ground composition are complex. Model vibration experi-
ments are very effective in such cases. Models used are whole models covering
wide areas including tunnels, and partial models for investigating localized
behaviors. As materials for models, gelatin gel and acrylamide are used for
ground, and silicone rubber materials for tunnels.

6 EARTHQUAKE~-RESISTANT DESIGN

Since a submerged tunnel is comprised of structural components which show
different response behaviors against earthquakes, in earthquake-resistant
design the submerged tube portion would be calculated based on displacement of
the ground during earthquake (displacement method) while vertical shafts,
ventilation towers and retaining walls would have design calculations made by
the selsmic coefficient method or the modified seismic coefficient method.
Needless to say, design and examination based on dynamic analyses must be made
for the entire submerged tunnel as previously described. Since the seismic
coefficient method and the modified seismic coefficient are already well-known,
only special applications will be touched upon, and the discussion here will
be chiefly in regard to the displacement method.

6.1 Displacement Method For computing the section forces produced during
earthquake on the structural parts of the tunnel consisting of submerged tube
section and approaches, and the earth pressures acting on the tunnel, the dis-
tributicn of displacements during earthquake of the ground along the tunnel
axis must be obtained. With regard to earthquake response of surface layer
ground, there have already been many research works carried out with response
velocities of ground having natural periocds up to several sec having been
obtained, and it is considered that in a major earthquake components of low-
order natural shearing vibration are predominant with regard to displacement.
Therefore, it would be possible to compute the response displacement of the




IV, 84

surface layer if the earthquake motion of the bedrock were to be known. How~
eYer, it is not an easy task to determine how ground displacements will be
distributed at the same instant along the axial line of the tunnel. According
to the results of earthquake observations, it is seen that vibratidn components
of relatively long periocds are propagated at fairly high velocities to the
ground surface. It is also known that the submerged tube portion does not
respond well to wave motions of short wave length. Thereupon, using the
models for dynamic analysis given by the authors, and with the principal ob-
Jective of investigating the influence of variations in ground conditions on
Stresses in tunnels, response calculations were carried out for more than 260
cases under various conditions, and data for designing were obtained. The
ground conditions considered for calculations were those indicated in Fig. 12,
and the earthquake records of Hachinohe (Off-Tokachi Earthquake, 1968), El
Centro Earthquake NS (1940) and Taft Earthquake EW (1952) were input from the
bedrock and responses of the tunnels computed. The fundamental shearing vibra-
tion periods of the land and sea bed portions, T; and T2, were made up in
various combinations, the gradients and shapes of the sloped sections were
varied in many ways, and further, the stiffnesses of the tunnels against de-~
formation and the spring relationships between ground and tunnels were varie-
gated. The response stresses of the tunnels determined from calculations were
standardized through the equations below.

-0t 2
Ot = or % Ds (kg/cm*/em)

-8B _ 2
o = 5L + Ds (kg/cm?/cm)

In these equations, 0t and O are the maximum axial strain and maximum fiber
strain due to axiasl-direction deformation and bending deformation, respective-
ly, obtained in response calculations, where D, and Dg are the response dis-
placements (relative displacements) of land and sea bed parts replaced by one-
masspoint-spring systems, respectively.

Figs. 13 and 14 indicate the relationships between various combinations of T,
and T2, and O¢ and Opg. With this model, in case of T; = T, both O and OB
will be zero, but considering that grounds of T; = T» do not actually exist,
that earthqueke wave motion is propagated through the bedrock, and that various
wave motions are produced at the ground surface, from a practical standpoint
the broken line is taken as the lower limit and only values above this line
are taken up.

6.2 Stability of Transverse Cross Section of Submerged Tube Section The
force acting on the spring between the submerged tube section and the ground
may be calculated by the method proposed by the authors. Although designing
has been done for this force to be resisted by passive earth pressure of
ground surrounding the tunnel, since there is still room remaining for con-
sideration, it was made permissible in the Specifications for calculations to
be made by the seismic coefficient method. With regard to the design seismic
coefficient in the seismic coefficient method, this is to be selected taking
into account the topographical and geological conditions of the site and
importance factor of the tunnel, and referring to the criteria of other re-
lated earthquake-resistant design standards,

6.3 Barthquake-Resistant Design of Shafts and Ventilation Tower Sections
Since shafts and ventilation tower sections are considered normally to indi-
cate dynemic behaviors similar to buildings, they are to be designed for
earthquake resistance by the seismic coefficient method. In this design,
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giving consideration to the fact that the submerged tube section and the ap-
proach sections show different dynamic behaviors, it is necessary for attention
to be paid to the connections between these sections, It is possible to reduce
stresses produced near joints during earthquakes by providing movable joints
and sections high in flexibility and expandability in connections with the sub-
merged tube section. In some cases, it is conceivable for shafts and ventila-~
tion towers to be built apart from the tunnel to break off the mutual influ-
ences of the two. Further, it is necessary for care to be exercised that un-
even settlement -— uneven settlement of the tunnel section — will not occur,
not only during earthquake, but also at all times. In case there are compara-
tively large displacements of shafts and ventilation towers at underground
portions, it will be advisable for dynamic analyses to be made of the struc-
tural parts including the submerged tube section,

Fig. 15 indicates the Joints adopted at Tokyo Port Tunnel in connecting a shaft
end with the submerged tube, The left half is the Joint of a shaft with the
first submerged element with primary water cutoff by rubber gaskets, and with
secondary and tertiary cutoff measures provided. The right half is the joint
between the last submerged element and a shaft with the primary water cutoff
made by W-shaped rubber seals, By using these methods, the elements can move
freely in the axial direction, up and down, right and left, and in rotationm.

6.4 Effects of Joints Flexible joints are used at times in order that
Joints between elements will have sufficient strength against forces caused by
earthquakes and ground settlement after pressure-jointing the elements, and in
addition, to reduce the forces produced by these phenomena. Fig. 16 shows the
Joints adopted for Tokyo Port Tunnel which are provided with shear keys to
prevent divergences between elements in the horizontal and vertical directions,
while {l-shaped steel sheets form flexible springs in the axial direction.

By installing suitable joints between tunnel and shaft-ventilation tower sec-
tions, and between elements, the flexibility and the expandability of the
tunnel are heightened, and as a result section forces of the tunnel can be
reduced, but the range in which the effects are felt is determined by the rela-
tivity between the rigidity of the tunnel and the rigidity of soil, and is in

a comparatively narrow range. Accordingly, it is necessary for studies to be
made in the locations of the Joints, intervals, and number.

Fig. 17 indicates the results of investigations on the effects of joints in the
previocusly-mentioned analysis model. Case 1 is for no joint, Case 2 is for a
single hinge joint, Case 3 is for 2 hinge joints, and Case L for when all
joints are connected by springs with low spring coefficients. It may be seen
that axial forces and bending moments are greatly lowered in Case L.

6.5 Case of Variation in Dynamic Properties of Ground When there has been
a change in the dynemic properties (natural period, vibration mode, etc.) of
the ground along the tunnel axis, it has been clarified by experimental results
and analytical results that an extremely large section force is produced in the
tunnel at that portion. TFig. 18 is an example of the distribution of response
section forces determined for four kinds of earthquake waveforms normalized at
maximum acceleration of 100 gal using the previously mentioned vibration model.
Although the absolute values of the response quantities may differ, it can be
seen that the tendeney for a large section force to be produced at the slope is
not changed by earthquake. This is the same for the direction of depth also.
Therefore, when the submerged tunnel route passes through such a location it is
conceivable to aim for reduction in section force by measures such as adopting
sections high in flexibility and installation of movable joints as necessary.
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6.6 Influence on Tunnel Section Force of Non-Linearity of Stress-Strain Rela-
tionship of Soil Surrounding Tunnel Using the models for dynamic analysis
previously described, and carrying out response analyses under various condi-
tions and considering the properties of the springs connecting ground and
tunnel, in effect, the relation of displacement and force between the surround-
ing ground of the tunnel and the tunnel considered as being of bi-linear type,
the distribution of maximum values of section force will be as indicated in
Fig. 19. According to this figure, the coefficient of deformation after yield-
ing of springs does not exert so much influence on section force, but the size
of strain at the yield point of the spring has a great effect, and when this
value becomes small, it is seen that section force is reduced,

T. SAFETY MEASURES DURING EARTHQUAKE

With regard to the position and importance of safety measures during earthquake
in earthquake-resistant design of a submerged tunnel, these matters are as de-
scribed in Chapter 3 and Chepter 5. The safety measures during earthguake may
be broadly divided into two kinds, one consisting of what might be called
"hardware" facilities, such as evacuation passageways during emergencies,
facilities to prevent entrance of water due to tsunamis, and facilities for
water cutoff, which must be taken into consideration at the planning and
designing stage. The other kind consists of so-called "software-type" facili-
ties such as instrumentation for detection of earthquake motions, communication
facilities, drainage facilities and traffic control facilities.

Adequate considerations must be given that these facilities will not lose their
functions due to secondary trouble such as inundation, water leskage and uneven
settlement of ground at time of earthquake, and considering that this type of
tunnel is to be constructed at river beds or sea beds, measures against water
leakage and inundation are of particular importance.

Safety measures for tunnels constructed recently will be of reference, while
the Specifications require the following as facilities for safety during earth-
quakes. *

- Facilities for detecting, recording and reporting earthquake motion

- Facilities for detecting, recording and reporting tide level and wave helght
- Traffic control facilities during and immediately after earthquake

- Facilities for detecting, recording and reporting settlement and leakage

- Evacuation and guidance facilities

- Emergency electric power facilities

— Traffic monitoring facilities

- Drainsge facilities and inundation prevention facilities

- Others (strain meter, reinforcing bar stress transducer, stress meter, ete.)

The types and numbers of these facilities would be decided as suited in accord-
ance with the size and importance factor of the submerged tunnel, while depend-
ing upon the use of the tunnel, for example, an automobile tunnel, it will of
course be necessary to consider facilities to cope with automobile fires.

The Specifications do not clearly stipulate at what level of earthquake these
safety facilities should be activated, but do cite "Conduct of Train Operation
during Earthquakes" for the Shinkansen lines of the Japanese National Railways
as reference. This specifies standards for train operation control, on-ground
patrol, in-train patrecl, etc., to be carried out on action of earthguske sen-
sors of 40 gal and 80 gal. The Specifications do stipulate that when subjected
to earthquakes of seismic intensity 4 or higher, patrols are to be made to
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check for earthquake effects on the various parts of the submerged tunnel and
other abnormalities.
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Table 1 Submerged tunnels in Japan, completed and under construction
Elements
Period
Name® Location Use for con-
Length*iNum-{Length| Width [Height| Sectional | struction
{m) ;f%' ber| (m) (m) | (m) shape
Aji River Tunsel Osaka 2 iane rond " 4.2 1| 49.2|14.0 | 7.0 | Rectangular [1935-1944
Haneda Tunne! Tokyo 4 lane road 56 1 5 20.1 7.4 | Rectangular [1963-1964
Haneda Tusmel Tokyo 2 track momorail | 56 1} 5 |10.95] 7.4 | Rectangular |1963-196¢
thaml'uunel Osaka 2 track railway 70.3 2 gg 11.00 { 7.]8 | Rectangular | 1967-196%
Dotanbori River Tuonel | Osaks 2 track railway 29 | 1 IZG.QHWS 6.96 | Rectangular | 1967-1969
Haneda T T 2 track railwa 480 6 4 7. Bi 1 1971
Kﬁma. s okyo y ‘ 8 |13.0 | 7.95| Binocular [1968-19
Haseda Tun- | T: 2 track railwa 328 4 a2 12.7¢ | 7.99| Binocular |1969-1971
Kd‘zlo-lilc_ . okyo y ]
Atsami Power Plant Aichi Cooling water in- %.01 1 36.01 8.4 | 4.0 | Rectangular (1970
Intake Chansel ecture| take channel for
power plant
Dokai Bay Tunsel Kita- 2 belt veyors | 1963.2 | 18 | ‘0 8.218 4.55 | Rectangular |1970-1072
¥y kyushu foﬁm:moneand 80.1
coke -
Kianura Port Tunnel Aichi 2 lane road 480 6 80 15.6 | 7.1 | Rectangular {1969-1973
Prefecture
Ogishima Tunnel Kawasaki | 4 lane road 664.3 6 | 110 21.6 | 6.9 | Rectangular [1971-1975
Tokyo Poct Tunnel Tokyo 6 lane road 1035 9 | 115 | 37.4 | 8.80| Rectangular |1969-1975
Sumida River Tunse! Tokyo 2 track railway 201.5 3 g;?l 10.30 | 7.80 | Rectangular | 19731976
Kawasaki Port Tusuel | Kawnsaki | 4 lane rosd 840 [ }‘lg 31.00,| 8.54 | Rectangular ?lziun_n-
struction}
T i y & 1973-(Un-
c%yol’!l'tbdihmy Tokyo 4 lane road 44 6 | 12¢ 28.40 | 8.80 [ Rectangular dereguj-n
stryction)
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Fig.5 Power spectra of strain records of earthquake (December 4,
1972) at Haneda Tunnel (J.N.R.)
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Fig.6 Power spectra of acceleration record (No.4 TSA) of earthquake
(December 4, 1972) at Haneda Tunnel (J.N.R.)
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Fig.18 Distribution of response displacement and response cross-sectional
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On the modelling of sea-bed resistance for seismic response analysis of
offshore pipelines in contact with the sea-bed.

ﬁtabliasement de modéles de la 1rdsistance du fond de la mer en vue d'une
analyse de la réaction sismique de pipelines sous-marins en contact avec
le fond de la nmer.

Tber Modelle des Meeresbodenwiderstandes fur die Analyse der seismischen
Reaktion von Unterwasserrohrleitungen im Kontakt mit dem Meeresboden.

By

B Nath Ph D and C H Soh

Both in the department of Civil engineering, Queen Mary College, University
of London, London, England.

SUMMARY

This paper contains a study of the seismic behaviour of marine pipelines
in contact with the sea-bed, with particular reference to the mechanics at
the contact region hetween the pipe and the sea-bed. Assuming seismic exc-
itation to be transversely horizontal to the pipeline the problem has been
solved by the finite element method for three different types of idealized
sea-bed soil behaviour. Results show that pipe response depends upon the
sea-bed resistance model and, as expected, the response of the segment in
contact with the sea-bed is less than when there is no contact.

SOMMAIRE

Cet article contient une etude du comportement sismique de pipelines sous-
marins en contact avec le fond de la mer et traite particulierement la me-
canique aux zones de contact entre plpellne et le fond de la mer. Le prob-
leme a €t€ traite par la méthode d'éléments finis pour trois types différ-
ents de comportements schématise’s du sol marin en admettant que 1l'excitation
81sm1queestrtransversalement horlzontalan;plpellne. Les résultats montrent
que la réaction du pipeline depend du modéle de résistance du sol marin,
Comme attendu, la rdaction d'un segment de pipeline en contact avec le fond
de la mer est moindre que dans le cas ou il n'ya pas de contact.

ZUSAMMENFASSUNG

Diese Abhandlung untersucht das seismische Verhalten von Unterwasserrohr-
leitungen im Kontakt mit dem Meeresboden, mit besonderer Bezichung auf die
Mechanik an den Kontaktstellen zwischen Rohr und Meeresboden. Unter Vorau-
sgetzung einer 2zur Rohrleitung transversal-horizontalen seismischen Erre-
gung wird dae Problem durch Anwendung der Methode der endlichen Elementen
fur drei Verschiedene Arten von idealisierten Verhalten des Meeresbodens
geldst, Die Ergebnisse zeigen, dass die Rohrreaktion von Modell des Meeres-
bodenwiderstandes abhZngt, und dass, wie zu erwarten, die Reaktion eines
Rohrteiles im Kontakt mit dem Meeresboden kleiner ist als im Palle in dem
ein solcher Kontakt nicht besteht.
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1. INTRODUCTION

For various reasons pipelines are extensively used for gathering offshore
oil and gas resources throughout the World including seismic regions.
Usually these pipes are buried into jet-blasted channels in the sea-bed,
although, when conditions do not permit this, they may be secured to the
sea~bed in suitable lengths by means of concrete anchor blocks or screw
piles. However, depending upon the composition of the sea-bed sediment
and the prevailing marine conditions, a pipe segment which was initially
buried may subsequently be exposed by the transportation of sediment away
from the pipe location during periods of high scouring activity [1]; in a
reverse of this process an initially exposed segment may also be totally
or partially buried by the "duning" of the sea-bed. Clearly, an important
design criterion here is therefore that the pipeline should be safe and
stable under either of these two possible conditions.

In the context of offshore energy exploitation pipelines usually represent
a substantial proportion of the total capital investment (in the Bombay
High field, India, for example, a pipe network totalling over 140 km is
envisaged). For this reason alone an accurate assessment of the safety
and stability of offshore pipelines against seismic hazards is of paramo-
unt importance, particularly in regions where such hazards may be expected.
Unfortunately, an accurate prediction of seismic behaviour with a view to
formulating appropriate design criteria is usually a difficult propositi-
on here, since system response in this problem is determined by the struc-
tural, hydrodynamical and so0il mechanical aspects of the system, not to
mention the ceocmplex dynamic interactions that may also take place between
these aspects.

At the moment little published material on the dynamic/seismic behaviour
of of fshore pipelines appears to be available, understandably perhaps con-
sidering the relative infancyof this branch of technology. Over the years
considerable research effort has been directed, on the other hand, to the
solution of terrestrial pipeline problems including seispmic response stu-
dies (references 2-9 contain a selection of research papers on the sub-
ject). Although it may be possible, prima facie, to extrapolate some of
the findings/criteria of terrestrial pipelines to offshore pipelines, the
fact remains however that current design practice relating to terrestrial
pipelines is basically inadequate [5,10]; indeed, this inadequacy, as un-
derlined by the aftermath of the San Fernando (1971, Richter magnitude 6.6)
and the Managua (1972, Richter magnitude 6.25) Barthquakes, led to a ser-
ies of recommendations by various prestigious committees [10,11]., Clearly
therefore, a considerable research effort is still needed for formulating
generally acceptable design criteria for terrestrial pipelines and, the
need is even greater and perhaps more urgent in the case of offshore pipe-
lines.

2. THE PROBLEM AND ITS ASPECTS

The problem to be investigated in this paper can be briefly stated as fo-
llows:

An offshore pipeline segment, supported between two anchor blocks (Fig.la)
is in contact with the sea-bed at one or more points or over a portion of
its length. The segment is subjected to a transverse, horizontal and uni-
form seismic excitation which is transmitted to it, without dissipation,
via the anchor blocks. To analyze the response of the segment with parti-
cular reference to the idealized sea-bed impedence parameters.
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It would be instructive at this stage to focus attention onto the various
aspects of the problem and aiso the assumptions which have to be made in
order to construct a workable mathematical model of what is inherently a
very complex system.

2.1 The structural aspect

Offshore pipelines are usually constiructed of concrete coated enamelled
steel pipe sections (Fig. 1b). The function of the enamel is to protect
the steel pipe against external corrosion; the enamel, in turn, is prote-
cted by the concrete coating against accidental damage. As we have assu-
med seismic excitation to be transversely horizontal to the pipeline, it
is clear that pipe response will be exclusively in the bending (in the
Euler-Bernoulli sense) mode. It would be reasonable therefore to treat the
segment as a beam in bending. However, as the concrete coating is likely
to undergo progressive structural/chemical degradation with time [12,13],
its contribution to the overall stiffness of the segment will be ignored.
Furthermore, the pipe will be assumed to respond in a linearly elastic
fashion ==——- an assumption which is more likely than not to be wvalid in
practice.

An important determinant of system response here is the nature of the end
constraints of the pipe segment; a given segment will have greater respo-
nse and pressure drag effects [12] with simply supported ends than with
fixed ends. For this reason the test segments to be analyzed here will be
assumed to have simply supported ends, although, in practice the end con-
straints are likely to lie somewhere between the fixed and simply suppor-
ted conditions.

2.2 The hydrodynamical aspect

From the point of view of its physics the offshore pipeline problem belo-
ngs to a well-known class of coupled structure-fluid problems [14-18] in
which the structural and fluid aspects interact, the extent of interaction
depending upon the dynamic properties (e.g, natural frequencies, mode sh-
apes, etc.) of the uncoupled aspects comprising the system. Systems, in
which the structure is relatively flexible (as in pipeline systems), are
negligibly affected by fluid compressibility; consequently the inviscid
coupled behaviour of such systems can be studied merely by adding the so
called added mass [14] to the structure mass in the systemequation(s) of
motion. If, on the other hand, non-linear pressure drag effect is signi-
ficant, then the total hydrodynamic resistance to motion must be included
in the system equation(s) in terms of both drag and fluid inertia forces.
Following the Morison equation [19], for example, the drag and inertia
forces, which are implicitly independent, can then be expressed in terms
of appropriate drag (CD) and inertia (CM) coeftficients. This is the usual

approach in problems of this type and, in the case of offshore pipelines
computed response is found to depend substantially on the value of CM and
40 a much lesser extent on that of CD [121.

Under conditions of potential flow the value of CM can be shown [20-22]

t? qecrease from a maximum of 2,29 for 4/D = O (Pig. 1b) to an asymptotic
minimum of 1.00 for d4/D = infinity. For drag also experiwmental evidence
indicates a significant correlation between CD and the d4/D ratio. In the

case of a relatively smooth pipe for which d4/D > 1.5, for example, Wilson
and Caldwell [23] report CD = 1.7 and 1.2 for Reynold's number equal to

33,200 and 56,600 respectively; under identical conditions but with d4/D <
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1.0 these CD values were found to decrease by about 15%. Furthermore ,both

these parameters are likely to be significantly modified in practice by
the structural/chemical degradation of the pipe coating [12] and also by
the marine fouling on the pipe surface [12,24]. Unfortunately, published
data relating to the in-situ values of these parameters do not appear to
be available as of now. We will therefore use the classical (potential

theory) <values of CM; in all cases the value of CD will be taken as 1.5,

which is probably realistic considering the complex flow condition around
the pipe and alsoc the possible environmental effects on the pipe surface.

Although the inertial and drag forces are assumed to be implicitly indep-
endent, in a complex separated flow such as this as yet little understood
dynamic interaction(s) may take place between these forces [25,26]. Fur-
thermore, in the presence of an ambient stream the pipe will undergo self
induced (Strouhal) vibrations in the wvertical planej such vibrations may
also lead, particularly at high Reynold's numbers, to a time-dependent
wake and this may affect the pipe's drag and inertiacoefficients relating
to its transverse horizontal vitrations. A hydrodynamic coupling of this
type between the horizontal and vertical vibrations of the pipe is a ma-
nifestation of the well-known "wake-body" interaction phenomenon [27,28].
As the mechanics of this complex phenomenon is not yet fully understood,
we will ignore such interactions in this work,

For small values of the d/D ratio the pipe will also experience a signi-
ficant 1ift force [20,21,23]. However, as we have ignored possible coup-
ling between the horizontal and vertical vibrations of the pipe and as we
are interested only in its transverse horizontal response, this lift force

is no longer relevant here.

2.3 The soil-mechanical aspect

Considering the complex behaviour of sea-bed so0il including posaible thi-
xotropy and soil-liquefaction effects under dynamic/cyclic conditions of
loading, it is clearly difficult to devise a general mathematical model
to represent accurately the mechanics at the pipe-seabed interface. Here
again the inadequacy of published data relating to the in-situ behaviour
and properties of sea~bed soil seriously inhibits any attempt at realistic
model studies. We will nevertheless examine a number of models based on
idealized soil behaviour; clearly, their practical validity would depend
very much on the extent to which in-situ behaviour corresponds with idea-
lized behaviour.

We will assume that the resistance offered by the sea-bed against pipe
motion can be idealized in the elasto-plastic sense by means of a kinetic
coefficient of friction ( U) between the pipe and the sea-bed, and para-
meter Q which denotes the maximum elastic ground displacement. For simpli-
city both U and Q will be assumed to be constant althoughin practice they
are both likely to vary, particularly with time.

The pipeline problem with ground contact considered here is basically one
of pipe-seabed interaction. Figs.2a and b show the deformed pipe geometry
with a single central contact point and the forces active at that point.
For conceptual simplicityif the pipe is now represented by a linear elas-
tic spring of stiffness kp and the sea-bed by an elasto-plastic spring of

stiffness ks (which is a function of displacement), then it is clear that

the coupled response of the pipe will be a function of both k and k . It
P 8
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is also clear from the mechanics of the coupled system that these springs

act in parallel. Consequently, when ks dominates, i.e, ks:>:>kp, the pipe

is likely +to undergo irrecoverable deflections caused by large plastic
forces that will now be mobilized by the sea-bed. In this situation the
sea-bed resistance model (model A), shown in Fig. 2c, is likely to be va-
lid. If, on the other hand, kp:>>-ks, then the pipe will not undergo sig-

nificant irrecoverable deflections, and consequently, the sea-bed resis-
tance model (model B), shown in Fig. 2d, is more likely to be valid. In
another model (model C), shown in Fig. 2e, which is also worth consider-
ing, the contact point(s) is assumed to move only when the force in the
pipe (]Fpl in Fig. 2b) becomes equal to HUW. The validity of this model

ig difficult to justify, except perhaps when the peculiarity of the sea-
bed (caused, for instance, by the presence of rocky obstacles or displaced
sand-bags initially placed upon the pipe in order to increase its stabi-
lity) consetrains the pipe to move in this way.

3 THEORY

Following a spatial discretization of the pipe segment consisting of (n-1)
finite elements interconnected by n nodes of which m nodes (m < n) repre-
sent the pipe-seabed interface, the implicit equation of motion of the
segment can be written with reference to Fig. 2b as [29]

(7} + {F}een{t} = {0} (1)

in which, considering seismic excitation only, we can show that [12,17,19]
{F} = K3} + [ol{t} + Doen (B} + 2ocyra{o o) (2)

Here vector {Ff} lists the sea-bed resistances concentrated at the m con-

tact nodes. [K], [M] and [C] denote stiffness, submerged mass and viscous
damping matrices of the segment, respectively, while [Ma] denotes its ad-

ded mass matrix (both [M] and [M_ ] are diagonal matrices). {u} 1ists pipe
deflections 1relative to the moving undeformed pipe axis while {Ut} lists

total pipe deflections from a fixed reference. Dots denote differentiati-
on with respect to time, O the mass density of water and [A] the diagonal
matrix of pipe areas projected along the direction of motion. Then, subs-
tituting

{vgd = {v} + {v} (3)
into Eq.(2), where {Ug} lists ground displacement history, we now obtain
from Eqs.(1) and (2)

(k1{v} + [cl{v} + [+ M {T} + {E}sen{0}

+ dpoya{(F + 1[0+ 0]} = - o+ w3 ) (4)

The response of the pipe to a given ground excitation record will now be
found by solving Eq.(4) with appropriate initial and boundary conditions.
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4. SOLUTION DETAILS

The pipe segment, supported between two anchor blocks (Fig. 1a) was repre-
sented by 6 finite beam elements and its rotational degree-of-freedom was
condensed—-out in order +to0 minimize the size of matrices to be processed.
Structural damping of the pipe was taken as 5% of critical which appears
10 be usual in slender offshore structures of this type [17]. The thickness
of the concrete coating was determined by requiring that the total submer-
ged weight of the empty segment, including the coating, be 10% greater than
its buoyancy so that the empty pipe was prevented from floating upto the
surface. The stiffness of the coating was however ignored for reasons given
in section 2.1. At all timea the pipe was assumed to be completely filled
with o0il (mase density taken as 1.82 1b/cu. ft.) as its maximum response
occurred in this condition.

"
A pumerical algorithm was implemented for the solution of Eq.(4); in this
the mass of the pipe was represented by nodal lumped masses while the time
domain was discretized in the finite (central) difference sense. The pro-
cessing in the time domain by this device basically amounts to an explicit
forward integration procedure [30] in which pipe response at time (t +-At)
is calculated on the basis of already computed (or prescribed) responses
at times t and (t - At). An iterative loop was included in each time-
step to deal with the non-linear pressure drag term in Eq.(4); convergence
of the iterated solution was found to be rapid and a sufficiently conver-
ged solution was obtained with less than 6 iterations per step. The size
of the time-step (At) <to be used was optimized with respect to the conve-
rgence and stability of solution. The high degree of accuracy that this
algorithm is capable of has been demonstrated in reference 12.

The nodal contact reactions, {W}, between the pipe and the sea-bed will
obviously depend on the end-constraints of the segment and also on the
elevations or settlements of the contact nodes with respect to the end
supports. For the sake of simplicity {W} was calculated in this study by
assuming the segment to be resting on a total of (m + 2) supports, all at
the same level (m denotes the number of contact nodes).

For a given sea-bed resistance model the value of the ground resistance
vector {Ff} to be used in a given time-step in Eq.(4) was found from the

idealized plot of that model (Figs. 2c¢- 2e).

5. RESULTS AND DISCUSSIOR

The seismic response of a test pipe segment (details given in tadble 1) to
the Taft earthquake of 1952 was calculated relative to the three sea-bed
resistance models shown in Figs. 2c-2e. Table 1 contains a summary of the
maximum {beam) bending moment response of the segment for various par-
ametric combinations. Clearly, the overall effect of ground contact is to
diminish response compared with the no-contact situation, as we might have
anticipated and, the amount of response reduction depends on the type of
sea-bed resistance model implemented.

In an elasto=-plastic idealization of sea-bed behaviour, it is clear that
the maximum sea-bed resistance retarding pipe motion will be mobilized im
the plastic zone (whose threshold is defined by the parameters @ and p).
Consequently, response attenuation due to contact will be expected to Pe
greater in the plastic zone than in the elastic zone. Therefore, for a gi=-
ven Q an increase in the value of would diminish plastic response; con-
sequently, at a given relative sea-bed stiffness (Ky) response will be ex-
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Table 1 Peak bending moment response of a simply supported pipe segment
to the Taft earthquake of 1952.

B/L VL u Peak bending moment/10% (1bf-rt)
Model A Model B Model C*

Onn o 36,00 *#

0.167 0.00200 0.025 25,96 35,10 28.80
0.167 0.00200 0.050 35,82 34.92 7.20
0.167 0.00200 0.075 35.78 34.94 6.84
0.167 0.00200 0.100 35,71 35,10 7.92
0.167 0.00100 0.025 34.50 34.33

0.167 0.00100 0.050 34.81 34.26

0.167 0,00100 0.075 34.42 34.21

0.167 0.00100 0.100 33,14 33,22

0.167 0.00067 0.025 33.45 32.69

0.167 0.00067 0.050 32.9% 30.25
0.167 0.00067 0.075 31.30 30.30

0.167 0.00067 0.100 35.18 30.60

0.500 0.00200 0.050 37.91 %5.76

0.500 0.00100 0.050 36,78 34.00

¢.500 0.00067 0.050 35,00 28.12

* The ratio Q/L is not relevant in this model; ** no contact batween the
pipe and the sea-bed and consequently, this value is not dependent uponany
model.

System details: The pipe segment is simply supported betveen two anchor
blocks, L = 100.00 ft., D = 3.65 ft., -3001‘t.,

EI = 1.85 x 109 1bf-ft, structural damp.tng = 5% of cri-
ticalj CD 1.5, CH = 2,3 for the contact zone and 1.5

elsevhere.

rected to increase with increasing values of |, since this would amount
t0 increasing the size of the elastic 2zone. Secondly, and for the same rea-
son, an increase in the value of Q will be expected to 1lead to increased
response for a given Hs since clearly an increased Q leads to anenlarged
elastic zone.

Both the above aspects have been vindicated [29] in the case of model B.
The second observation is also valid in the case of model A, as may be
seen from Table 1; however, the first observation does not striectly apply
to this model, as may be seen from Fig. 3.

It will be seen from Table 1 that response attenuation due to contact is
maximum in the case of model C. It is interesting to observe that in this
case response attenuation is very steep within the range =0 -0,04 and,
for N>0.04 response increases slowly with increasing values of |J, as can
be seen from Fig. 4. This increase may be explained as follows: according
to model C the contact node(s) will move relative to the sea-bed only when
IFpl-}JW ('Fnl cannot be greater than WW); otherwise the contact node(s)

remains stationary relative to the sea-bed. Therefore, as long asl]‘l#pw,

enexrgy will be stored up in the segment due to the motion of the part of
the segment not in contact with the sea-bed, and clearly, the amount of

stored energy will be directly proportional to the value of Y. Then, when
the condition lF | =W is fulfilled, the hitherto stationary contact

node(s) will be Jerked into motion causing the pipe to respond slightly
more, depending on the value of I, than it would have done with a smaller

value of M.

The effect of increasing the contact zone length on response at various
values of the friction coefficient is worth noting (Table 1).
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6. CONCLUSIONS

A computer coding has been developed for the seismic/dynamic analysis of
offshore pipelines. This coding was implemented in this study to calculate
the bending response of a typical offshore pipe segment, which iz parti~
ally in contact with the sea-bed, to the Taft earthquake of 1952, Analysis

vas nade by assuming ground excitation to be transversely horizontal to
the pipe axis. Resulits show that for a given segment in a given hydrody-
namic environment, pive response is determined by the soil-mechanical be-
haviour of the sea-bed at the contact zone and the length of this zone.
Testing of the systen with three different idealized sea~bed soil resis-
tance models showed that the overall effectof ground contact is to reduce
respongce conpared with the no-contact situation, as expected, the amount

of reduction depending upon the model and the parameters defining it.
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Despite the 1limited scope of this study two observations emerge from it
and these may have important bearing on the design of such pipelines:
firstly, models A and B are more likely to be valid in practice than model
Cy and, in A and B the response attenuation due to partial contact is not
substantial over a realistic range of idealized sea-bed parameters. It
would follow, therefore, that a design based on the no-contact assumption
would not necessarily lead to a seismic over-design. Secondly, it is clear
that in the interest of seismic safety against bending failure the amount
of contact between +the pipe and the sea-bed should be maximized. The bu-
ried pipe obviously represents the ideal situation in this respect. It
would be prudent therefore to carry out a site survey with particular re-
ference to scouring of the sea~bed; if high scouring activity is indicated
then appropriate measures (e.g, sand-bagging, screw-piling, etc.) should
be taken ageainst it so that an initially buried segment is not subsequen-
tly exposed by sediment transport.

This study should be regarded as essentially a first step towards the un-
derstanding and solution of a very complex but important problem. A con-
siderable amount of investigative work still remains to be done, parti-
cularly in the hydrodynamical and soil-mechanical aspects of the problem.

7. NOTATION

[4] Diagonal matrix of projected pipe areas.
Viscous danping matrix of pipe.

Drag coefficient = 2*drag force/(p*projected.area*velocitya)

Inertia coefficient = added mase of pipe per unit length/mass of
water displaced by pipe per unit length.

External dismeter of pipe including concrete coating.

Clearance between the pipe and the sea-bed.

External diameter of pipe excluding concrete coating.

Young's modulus of steel pipe.

R3] Q™
"o o'd” o

{Ff} Listing of sea-bed recistance forces at the contact nodes (Ff re-
fers to a single contact node).
{F } Listing of restoring forces at the pipe nodes (Fp refers to a si-
P ngie node).

B Length of contact zone,

I Second moment of area of pipe.

£ Rl eeetied Sufraess = QW/Q)/(EI/L)

L Span of pipe segment

M) Submerged mass matrix of pipe.

[H‘] ‘1dded mass matrix of pipe.

QU Idealized sea-bed soil resistance parameters (Figs. 2c = 2e).

{U} Listing of pipe deflections from the moving undeformed pipe axis.

{Ut} Listing of pipe deflections from a fixed reference.

{U } Lizting of sea-bed displacenent from a fixed reference.

{Hf Listing of nodal reactions between the pipe and the sea-bed(VW re-
fers %o a single nods).

p Mass density of sea-watex.
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CONTRIBUTION OF THE SURVEILLANCE TO THE EVALUATION CF THE
SEISMIC EFFICIENCY OF DAMS. EXAMPLE OF THE AMBIESTA DAM

Dr. Aldo Castoldi - Director, Dynamic Department ISMES, Bergamo, Italy

SUMMARY

Present lack of information on site seismicity and approximation inusual design
criteria require further research to be done in both theoretical and experimen
tal directions to improve the knowledge on the seismic behaviour and, conse-
quently, on the safety coefficient of large dams.

To this aim, an integrated research program, which includes in situ testing,
mathematical models and seismic surveillance is proposed, and the technique
adopted, as well as the results of a preliminary application of this program to
the Ambiesta dam (Udine} during the aftersho¢cks of the Friuli earthquake of

1976 are presented.
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1. INTRODUCTION

Present criteria for the seismic risk analysis of a structure require on the one
hand, the knowledge of the local seismicity, and on the other, the schematiza
tion by means of reliable mathematical models of the structural behaviour under
seismic effects. These criteria have been satisfactory applied for the nuclear
plants and a well known procedure and regulation is now available in this field.

As far as the large dams are concerned, the problem of the seismic safety has
been faced in these terms only in the last few years. Although the introduction
of new methods has helped improve the computational techniques, theoretical
difficulties still exist, particularly as regards the interaction between the dam
and its foundation.

In order to achieve a correct set-up of the problem of the seismic risk evalua
tion for a dam, the checking of the reliability of available theories and proce
dures is required. In our view,this may be achieved throughan approach which
together with analytical computations and improvedcriteria for seismic surveil
lance, includes as well - at least in the most important cases - dynamic tests
as a routine step of a research program for the long-term control and the safe
ty-checking of a dam.

The following chapters illustrate a proposal for such a program, and describe
the technique and the results of a preliminary application made on the Ambiesta
dam for the recording of the Friuli earthquake aftershocks in October 1976,

2. PROPOSAL OF AN INTEGRATED PROGRAM FOR THE ANALYSIS OF
THE SEISMIC EFFICIENCY OF A DAM

The analysis of the gseismic risk of a dam and the evaluation of the effects of -an
earthquake have to be carried out by means of a series of operations which, not
withstanding their considerable validity even when taken singly, assume a most
important significance if inter-related within the frame of an integrated pro
gram. The fundamental phases of this program should be the following:

a) In situ testing to determine the dynamic characteristics of the dam,

b) Setting up of a mathematical model for the caleulation of the seismic re
sponse,

c) Carrying out of the seismic surveillance, to collect data on site seismic

ity as well as on the response of the dam,

d) Check up of the structure (both by the mathematical model or by testing)
after a strong earthquake.

The close links among these phases are illustrated in fig, 1.

Phase a) has the aim of obtaining a sort of ''identity card" of the structure, in
which are listed the characteristics of its dynamic behaviour (possibly for dif
ferent external conditions, such as the various levels of the impounded water).
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These data can be obtained by different methods, such as forced or ambient vi
brations, blast excitation, etc. The presently available recording and process
ing equipment assure highly precise results, as required for subsequent proc
essing.

PLOCEDURY AlMS .
As regards phase b), al- SEISMIC RISK EFFICIENCY

EVALUATION CHECK
though a mathematical mod { !
el is usually developed in @] "ioaa™ J'.r
the design stage (this is R —
not true, however, for . e imanl
dams designed several
years ago), the above-men il o
tioned theoretical complex  ""[ atomme
ity of the problem, together
with the uncertainties of the
design data (as to the geo Mathomatica! model ——
logical and geophysical ] LoyoNpRLS varification
characteristics, and site mee! Bisaieemi
seismicity}) require that
the model jtself be careful
ly checked, and, if neceg Data on
sary, modified. To thig ™ Fveiia aai
aim, the experimental data
obtained from phases a)
and c¢) should be usedas a . Fig, 1: Integrated program for the evaluation
reference stand, and the of the seismic efficiency of a dam.,
means to validate or to im
prove the reliability of the analytical schematization. It has to be underlined,
however, that present experience on this subject is poor, and further investiga
tions are necessary to fully exploit the experimental data for the above purposes.

Validation

sl

Monitoring
positions
Validation

survellisnce

Birong motion iaput

The seismic surveillance of the dam (phase c)), is mainly intended to collect
information on the seismicity of the site. Though a long term step, it is a nec
essary one, however, for the currently available data are usually unsatlsfacto
ry, and, especially for large reservoirs, local seismicity may be affected by
the reservoir itself. Together with this aim, it should also allow the recording
of shocks of medium or strong intensity and the determining of the structural
response to these shocks. It is thus advisable to choose therecording points on
the basis of the data supplied by the mathematical model, not only in order to
simplify the interpretation of the results, but also in view of a possible further
validation of the model itself,

The availability of a reliable mathematical model, as well as of significant data
on the site seismicity, allow one both to meet and resolve in real terms the
problem of the seismic risk analysis. Moreover, should a strong earthquake
occur, as a consequence of which the structural integrity might be compro-
mised, the problem arises of an immediate assessment of the structural safe
ty. In this case the mathematical model, using as input the recorded seismic
motion, can supply meaningful information on the state of stress induced by the
earthquake in the structure; on the basis of this information it may be advisa
ble to carry out a new phase of the program (phase d)), in which, through the
repetition of the dynamic tests, the "identity card" of the structure is checked,
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Finally, another important outcome, which ought not to be disregarded, is that
the data collected on the particular dam under control, may have a more gener

al significance and may be profitably used both for theoretical analyses and for
design or regulation purposes,

3. VIBRATION TESTS AND RECORDING OF AFTERSHOCKS ON THE AM-
BIESTA DAM

3.1. After the second main shock of the Friuli earthquake on September 15,
1976, ENEL entrusted ISMES with a program for the installation on the Am
biesta dam of an automatic system for the recording of the aftershocks, and for
their processing. The Ambiesta dam

is a small double-curvature arch dam, )
located near the epicentral area (fig.
2); the crest length is about 145 m,
the maximum height is 60 m. Within
framework of aresearch program sup
ported by ENEL for the determination
of the dynamic behaviour of the most
important Italian dams, ISMES car St Fre = moug
ried out forced vibration tests on the
Ambiesta dam in 1975,

ADRIATIC
SEA

@ e
AMBIESTA>

DAM. -
:>:;“;> __,?

e / '9/ aGEMONA /u..m
o s Tromt Y- o . »

3. 2. For the excitation of the dam,
a mechanical vibration generator, de
livering a sinusoidal force of up to 10
tons within the frequency range from
2 to 20 cps was used, This was placed
in different positions onthe crestarch,
to allow a correct excitation of sym
metric and antisymmetric modes.

The response of the dam was recorded
by means of 47 seismometers; the
processing of the data carried out
digitally by means of a Fourier ana
lyzer, allowed the determination of
the first resonance frequencies, mod
al shapes and damping coefficients,
At the same time, a preliminary finite

UDINE -

- [ o s omswmmm—" I
’\/ ) $ 10Km

element mathematical model of the - Fig., 2: Location of the Ambiesta
dam has been set up by ENEL, Since dam (+ : epicenters of
the dam is symmetrical, this model shocks from 6.5,1976 to
takes into account only half the struc 16. 6. 1976).

ture; the foundation rock is consid .
ered of infinite stiffness. The main results of the vibrations tests as well as of
the mathematical model are listed in table 1,

3.3. Asg to the practical application of the research program, examples of
seismic surveillance, as previously discussed, or reference literature could not
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be found. In effect, as far as is known, usually a single position on or near the
dam is monitored by a single or three direction seismograph; obviously, this
is not sufficient to carry out a seismic surveillance according to the criteria il
lustrated above.

In this preliminary phase of  Mode Type Frequency (cps) pamiping %)
setting up of the criteria as ne- st Model

well as of the most suitable 1 Antisymmetric 4.1 4.5 -
procedure, the practical 2 Symmetric 4.7 5.1 1.8
problems met with were as 3 By atnie 7.1 7.1 3.3
follows: 4 Antisymmetric 8.5 9.0 -

- to choose and sef up a 5 Symmetric 9.3 9.4 2.8
reliable and easy-to-handle 6 Antisymmetric - 10.5 -

digital equipment, for a con
tinuous long term monitor
ing; Table 1: Dynamic characteristics of the Am

biesta dam,
- to select the positionin Tedtd dat

ing of the recording instruments, and to establish the criteria of the data proc
essing, in order to obtain the features of the earthquake excitation in several
points along the foundation, as well as the characteristics of the response of the
dam, to be compared with the results of the vibration tests.

In the particular case of the Ambiesta dam, 30 seismometers were used, 10
of which were placed along the foundation (two horizontal seismometers in each
measuring position, oriented orthogonally to each other) and 20 on the down
stream face in radial direction (fig. 3). This number is rather generous, and
can be reduced for routine applications. However, it was justified by the lack
of previous experience and by the need to avoid missing potentially useful infor
mation.

—
AT

‘\13\ 1

Yﬁ
\

-TVZ'\{)E/}
{
/4/

o~

pDownstream Face
Fig. 3: Layout of the measuring points on the Ambiesta dam.

After digitization by an analog to digital converter, the signals coming continu
ously from the seismometers were sent to a minicomputer which stored on a
magnetic tape only the seismic events exceeding a prefixed intensity threshold.
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The intensity was checked outon the signal coming from the seismometer placed
at the base of the central cantilever, in radial direction (position 27). In this
way, electrical noise and other minor disturbances were disregarded, since on
ly significant seismic events were recorded. Moreover, a single operator was
required from time to time to replace the magnetic tapes.

3.4. The system was operative during the period from 8 to 27 October 1976,
and 118 seismic aftershocks were recorded. Their intensity is very small
since the maximum velocities recorded at point 27 ranged from 5- 10-4 cm/sec
to 4. 10-2 cm/gec. Therefore, the processing was carried out on 35 records,
showing maximum velocities larger than 2. 103 cm/sec; the records of lower
intensity were disregarded.

4. PROCESSING AND ANALYSIS OF THE RECORDS

4.1, The analysis of the recorded data was intended to supply information a
ble to enlight the phenomena connected with the energy exchange between the
foundation and the dam, and to check the accuracy - and, consequently, the re
liability - of the hypotheses currently adopted for the computing methods. As
is well known, these methods, even the most sophisticated ones, take into ac
count a three-dimensional continuum made up of the dam and a part of its foun
dation, and apply to its boundary an uniform excitation, equal to that of the ""bed
rock".

Under these hypotheses, and making use of the modal analysis techniques, it is
easy to obtain the relationships between the response {q of the dam and the
input excitation. In particular, the expression of the transfer functions related
to the upstream-downstream (x) and longitudinal (y) directions are:

co
[}/ Aé"’(u) = {h(“%‘,) = k}; cX. { ¢m}_ BMCQ)

(Qel/ 0@ = {KPw)} = £ o (8%} 3%w)

Kk
where: Cx,y are the participation coefficients for the k-th mode in direc
tion x and y respectively

()

{¢ } is the modal shape of the k-th mede
) 2

8% = /[ (- )+ 2502 ]

According to this procedure, the time histo

ries {q (t)} recorded on the dam may be in

terpretated as being generated by two differ % (a)
ent inputs (the two components of the seis R
mic excitation) as illustrated in the sketch.
An estimation of the function {h(x) {w )} and
ih(-Y) (w)} obtained through the theory of
the linear systems and of the random proc
esses, allows one to make an assessment of

{Qw)}

A(gx) (@)
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the reliability of the assumptions by comparing these functions with those ob
tained employing the mathematical model.

In the present case, as a first approach to the problem, it was thought sufficient
to proceed according to a simpler scheme, and to leave to future processing a
further investigation, in case of interesting results being obtained from this ap
proach. Such simplifications are justified by the following observations:

~  The input motion, that is the components of the earthquake at the ""bedrock',
is obviously unknown; the time histories recorded at the bottom of the dam
only as a first approximation may be considered as the inputs of the system,

- The contribution of the two components of the input motion to the response
at a point of a dam has different weight depending on the frequency range
considered, as it is determined by the transfer functions h(x) (w )} and
{h(y) (w )} which in turn depend on the participation coefficients <& and ¢ .
As is known, these are rather different for the two components depending
on the modal shape. According to this, for example as far as the first
mode is concerned, when o = @, the following is obtained:

Quw) = K@) Ag (w) + W) AT 1) = hi%w)- Ag () = H(w)- AP (@)

It follows that the relationships between the response and the input motion
can be replaced, at least in certain frequency intervals, by that relative to
a single input linear system,

Therefore, the transfer function has been calculated by using the following re
lationship:

H(@) = Gap (9)/ Gaa (@)

where G, (w) is the cross-spectral density function between the input gignal
a (t) and the output signal b (t); G,; (w) is the power spectral density of a/(t).

The coherence function Y (w) defined as:
2 2z
Y@ = | Gap@)] /(Gaa(®) - Gy (@)

(G, (@) being the power spectral density of b (t)) is an indication of the cor
relation between the input and output signals. Low values of vy (w) indicate
poor correlation, which may be due to different reasons, such as presence of
noise or external disturbance in the signals, physical lack of correlation bet
ween the signals, inadequate description of the phenomenon through the assumed
hypotheses.

Together with the calculation of H (w) it was thought that also the determining
of the amplifications at several points of the foundation and the dam body (as
ratios between the maximum values of the time histories recorded at these
points and at the bottom of the dam) could supply an indication, even though
rather approximated, of the reliability of the assumptions.

4. 2, Some observations on the results of this preliminary processing are as



IV.114

follows:

a)

Motion at foundation

The records obtained at positions 1, 12

and 27 (transverse direction) and at po

sitions 2, 11 and 28 (longitudinal direc g ko, L2/Fos.
tion) have been examined. Table 2 lists % Pos. 2/Pos.
the average values of the maximum am 2 Pes.11/Pos.
plifications recorded at these points, Pos. 27,/ Pos.
from which the following consideration
may be drawn: = Pos. 7/Pos.
12
- The two components of the motion .E PoE; B/Pun:
at the bottom are, on the average, ¢ PoE. 9fPes,
©  Pos.10/Pos.

of the same intensity.

Their values

are, however, rather scattered, as
it is obvious, owing to the large dif Table 2:
ferences in the patterns of the re
cords, This is clearly illustrated
in fig, 4, which shows the Fourier
transforms of some earthquakes re
corded at position 27. As may be noted, the energy distribution over the
frequency range differs greatly from earthquake to earthquake. This may

be justified by the dif
ferent hypocentral lo
cations and by the
varied paths of the
travelling waves.

The amplifications of
the abutments are
rather large (as
shown in fig. 5, in
which the time histo
ries are given, and
in fig. 6, which gives
the response spectra
at the same points),
being respectively a
bout 3 times and 2
times the motion in
transverse and longi
tudinal direction,

The attempt to calcu
late the transfer func
tions H (&) did not
prove satisfactory,
as may be seen from
the fact that their pat

terns are dispersed, and the coherence very low
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Fig. 4: Fourier transforms of different after-
shocks at the bottom of the dam.

(fig.

7). This could de
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the reliability of the assumptions by comparing these functions with those ob
tained employing the mathematical model.

In the present case, as a first approach to the problem, it was thought sufficient
to proceed according to a simpler scheme, and to leave to future processing a
further investigation, in case of interesting results being obtained from this ap
proach., Such simplifications are justified by the following observations:

-  The input motion, that is the components of the earthquake at the "'bedrock'’,
is obviously unknown; the time histories recorded at the bottom of the dam
only as a first approximation may be considered as the inputs of the system,

- The contribution of the two components of the input motion to the response
at a point of a dam has different weight depending on the frequency range
considered, as it is determined by the transfer functions h{x) (@ )} and
lh(Y) (w )} which in turn depend on the participation coefficients & and c';
As is known, these are rather different for the two components depending
on the modal shape. According to this, for example as far as the first
mode is concerned, when & £ @, the following is obtained:

Qu(w) = Ko@) A () + Koy A0%w) = W) Ag () = H(w) - AD ()

It follows that the relationships between the response and the input motion
can be replaced, at least in certain frequency intervals, by that relative to
a single input linear system,

Therefore, the transfer function has been calculated by using the following re
lationship:

H(@) = Gap (@)/ Gaa (@)

where G, (w) is the cross-spectral density function between the input signal
a (t) and the output signal b (t); G,z (w) is the power spectral density of a(t).

The coherence function Y (¢w) defined as:

V@) = | G @)/ (Gaa(®) - Gy @)

(G, (@) being the power spectral density of b (t)) is an indication of the cor
relation between the input and output signals, Low values of y (@) indicate
poor correlation, which may be due to different reasons, such as presence of
noise or external disturbance in the signals, physical lack of correlation bet
ween the signals, inadequate description of the phenomenon through the assumed
hypotheses.

Together with the calculation of H (w ) it was thought that also the determining
of the amplifications at several points of the foundation and the dam body (as
ratios between the maximum values of the time histories recorded at these
points and at the bottom of the dam) could supply an indication, even though
rather approximated, of the reliability of the assumptions.

4. 2. Some observations on the results of this preliminary processing are as
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follows:

a)

Motion at foundation

The records obtained at positions 1, 12

and 27 (transverse direction) and at po

sitions 2, 11 and 28 (longitudinal direc & Fos-12/Pos.

tion) have been examined. Table 2 lists £ Pos. 2/Pos.

the average values of the maximum am E Pes. 11/Pos.

plificationse recorded at these points, Pos. 27/ Pos.
from which the following consideration

may be drawn: = Pos. 7/Pos.

Fa

-  The two components of the motion ; Pos. 8/Pos.

at the bottom are, on the average, £ For, 9/.P°“'

Pos. 10/Pos,

of the same intensity. Their values

are, however, rather scattered, as
it is obvious, owing to the large dif Table 2:
ferences in the patterns of the re
cords. This is clearly illustrated
in fig. 4, which shows the Fourier
transforms of some earthquakes re
corded at position 27.

be justified by the dif
ferent hypocentral lo
cations and by the
varied paths of the
travelling waves,

The amplifications of
the abutments are
rather large (as
shown in fig. 5, in
which the time histo
ries are given, and
in fig. 6, which gives
the response spectra
at the same points),
being respectively a
bout 3 times and 2
times the motion in
transverse and longi
tudinal direction,
The attempt to calcu
late the transfer func
tions H (&) did not
prove satisfactory,
as may be seen from
the factthat their pat
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terns are dispersed, and the coherence very low

(fig. 7). This could de
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Fig. 8: Transfer functions H (W) relative to crest arch points,
Mode Resonance frequencies Amplifications recorded in position
) (cps) 8 10
no.
R T R T R T R T R
1 3.8+4.4 4.1 10.5 - |i2.8 - |13 - -
2 4.5+4.8 4.7 13.3  40.5 | 11.2 13.5 = 21,6 | 4,
3 7.3+7.8 7.7 - 52. 4 - 17.5 |22.0 30.1 -
4 8.7 8.5 - - - < = 12.5 | 12.
5 9.5+9.9 9.3 15.2 43.5 - - 13.7 - -
Table 3: Resonances and amplifications at the crest arch from records (R)
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5. CONCLUSIONS

Although still incomplete and with the processing of the data still at a prelimi
nary stage, the experience gained from the program carried out in the particu
lar case of the Ambiesta dam has nevertheless made it possible to drawup a se
ries of useful clues concerning the validity of the proposed method.

As far as the single stages of the program are concerned, it may be concluded
that both the determination of the modal characteristics of the structure as well
as seismic surveillance are problems that by now have been solved - be it
from the point of view of methodology or the instrumentation to be employed.

The cost as well may be considered altogether reasonable when compared with
the financial commitment that the construction of a dam calls for.

The weightier problems present themselves in the stage involving the interpre
tation of the data in light of the behaviour models in use at present, which, in
our view are noti altogether adequate for the explanation of the phenomena as a
whole and, therefore, are not able to duplicate analytically the experimental data.

In effect the lack of a direct correlation between the motion at the base of the
dam and the response may be attributed only partly to the introduction of simpli
fications, It is probably explained, instead, by the fact that the behaviour model
adopted assumes the existence of a physical link between the input and the out
put which in reality is absent. In other words, the motion at a point cannot be
correlated with the hypothetical uniform motion of the bedrock, but it maybe ex
plained by taking into account rather more complex seismic wave propagation
phenomena... '

From this point of view, parameters such as the position of the hypccenter and
the direction of wave propagation play an important role not only in that they de

" termine the frequency contents of an earthquake but also because they are able
to influence the manner with which the structure and its foundation exchange
energy.

In conclusgion, the extension of similar surveillance in future to other dams put
up in seismic areas is to be recommended, not only for purposes of a better
assessment of the seismic risk involved but also from the point of view of acqui
gition of data and information related to the characteristics of excitation and
structural response.

The availability of further case histories can lead to a better understanding of
the phenomena and thus make good the present deficiencies in the interpretation
of the data.
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4th Session SEISMIC EFFICIENCY OF LARGE STRUCTURES (RECOMMEN
DATIONS, CHECKING AND SURVEILLANCE)

DISCUSSION

Address to participants by R.G.T. LANE - ENGLAND

"Probelms in Assessing the Effects of Earthquake
on Dams' '

CLOUGH

Only five accepted examples of reservoir induced seismic events with
magnitude M = 5 have been reported. This is a very small number com-
pared with the number of large dams in the world. Also, the accepted hypoth
esis is that reservoir induced seismicity (events) involve only the ''triggering"
of the existing strain fields - no significant increase of seismic energy is pro
duced by the reservoir, In view of these facts, do you believe reservoir in-
duced seismicity should have any influence on design criteria for dams?

LANE

On the question of statistics, the figures I have relate to very large dams
defined as those higher than 100 m or with reservoir capacity exceeding one
thousand million cubic meters,

Out of all such dams built in the world, 1 to 14 has shown induced seis-
micity, Now there'are due to be built during the next few years another 140
dams of that size, That means that on the basis of statistics we can expect
ten more cases of appreciable induced geismicity within the near future. That
is the statistical position.

- CLOUGH

I would like to comment on that, because the number you quoted is ac-
cepted as reservoir induced seismicity, but most of those are essentially
micro-earthquakes or very small earthquake activities, and the only ones
that might induce appreciable damage are those of magnitude 5 or greater.
So the number of these is very much smaller, |

LANE

The prefix "micro'" is usually used for very small events, There have
been two or three cases of induced seismicity of magnitude 6 (Richter)., But
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the point I raised is that these events are very close to structures and they
are very shallow. Therefore, it is thought that the effect of even a small
one could be appreciable, and this requires geological study also. I would
recommend that for every large dam the question of induced seismicity
should be seriously taken into account.

Your second question was related to factors'causing induced seismicity.
Various causes are suggested. Some people have referred to the weight of
water but this is small compared with the weight of rock which once filled
the valley. I do not think weight of water is in itself any problem. My own
theory is that the water penetrates into the faults, Now these faults extend
well beyond the reservoir area and they are also very deep. We are talking
now of kilometres, of tens of kilometres or even more. Water is already in
that fault and when you add to it a hundred metres of head, there is an elastic
compression of water. This elastic compression of water takes time, but
gradually the water down to great depths will be affected by this elastic com-
pression; letting more water in and at the same time increasing compression,
This accounts, in my opinion, for two things: it explains the long delay bet-
ween the impounding and the effect; in the case of Kariba it was 5 weeks
before it happened. But during that time, an area of perhaps tens of even
hundreds of square kilometres has had its pressure increased by one hundred
metres, and that is a lot of pressure. In my opinion that is the probable rea
son for induced seismicity.

CAPOZZA

I think it should be emphasgized the particular role played by the actual
state of stress on the arising of an induced seismicity. As a matter of fact,
should the actual stresses be very near to the strength in a point of the rock
mass, just a little increasing in'the pore pressure could be requlred to allow
the starting of a slip generatmg seismicity, :

Whether this se1sm1¢1ty could attain high levels or not, it depends,
among other things, on the amount of elastic energy stored in the rock mass,
and so on conditions related again to the pre- existing state of stress.

Paper 4/1 R. PRISCU, A, POPOViCI C. STERE - ROMANIA

""The Consequences of Partlally Grouted Joints Upon the Arch
Dam Seismic Behav10ur

CLOUGH

If 1 understand the paper correctly, the analysis of the dam response
considers the ungrouted joints to be represented by reduced stiffness, hut
does not account for the non-linear effect of the joint opening and closing
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during the dynamic response. In your opinion does the true non-linear re-
sponse differ significantly from the assured linear partially grouted dam re
sponse? '

PRISCU

When modelling the dam ungrouted joints with beam elements of reduced
stiffness, some phenomena have been disregarded as: the shear effect in the
dam joints, the non-elastic behaviour of the whole system, the damping vari
ation with the intensity of the dynamic response,

The presented analysis has been carried out in the linear-elastic domain
with the SAP IV computer program, elaborated by the University of Berkeley;
that computer program has been adequately fitted out to the Romanian in use
computers and it includes some routines written by us,

We know some computer programs performing some of the foremen-
tioned neglected phenomena (NONSAP, ADINA) do exist, but there is the un-
happy situation that we do not still take advantage of it,

We are aware the proper consideration of some above disregarded phe
nomena could really yield some quantitative change of the dam static and
“dynamic response, In the paper, a qualitative comparison related to the dam
monolithic structure has been sought for, that last variant being also analy-
sed in the linear-elastic domain,

LANE

I believe that the ordinates of fig. 4 are all ten times too large and a
decimal point should be added; also in fig. 7 I find it difficult to understand
the large horizontal stresses in the area where the joints are ungrouted.

PRISCU

The values of the velocity potential function 4y presented in figure 3
are correctly represented. This fact could be properly noticed by making
an analogy with the classical relationship of Westergaard, Let us consider
for instance the network point (i) of the dam central cross-section, situat-
ed at the depth 4 + A z =132 m below the crest, whereat the potential func
tion is” W j = 99.6 m. : B

The specific added mass normally directed to the dam upstream face
comes out to be:

r . _ _ 2, 3
m.= € ¥,=0102x99.6 = 10.15 tf.s /m , (1)

If, in the foreconsidered point (i}, an acceleration of 0.1gas1 m/s2
normally directed to the dam surface (cpj) is bemg taken into consideration
the hydrodynamlc pressure will be:
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Poi = Mpi- Sy C 10,15 x 1 = 10,15 tf/m | (2)
One comparatively gives the same hydrodynamic pressure by using in
stead the Westergaard relat10nsh1p, with the same above data: \
Ppi = pi- Cp . YH. z = 0.1;0.9 : V165x132 13,20 tf/m (3)
However, the values of the potential function take into ‘considerat_ion
the dam and valley (reservoir) geometry and the earthquake wave direction,

The dam structure discretization has been carnvied out through Clough
-Fellipa thin shell finite elements, -according to the SAP IV program /6/.
The computer program gives out siresses within the element centers. There
fore, in fig. 7, the horizontal and vertical stresses are represented for the
medium cross-section of the dam central block (cross-section a-a),

As to have a more complete picture upon the stress distribution of the
three considered schemes (monolithic, partial grouted joints with and with-
out stiffening crest belt), in the hereby enclased figure the principal stress
ses oy, O g are presented, yielded by the hydrostatic pressure with
the reservoir level up to the dam crest,

downsireom  upshream | © __ downsiream
= 14 + t in— —_—— R
g ¥ ’ i
0d +—45‘— M
Ny mm ..J( + 4}~ ~
H %690 m )( + =
L/Nz 140
£ g
a

Prinoipal stresses T 1 6‘2 produsced by
hydrostatic pressure, according to the
thres analysed variants.
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Paper 4/5 O, FISCHER - CZECHOSLOVAKIA

"'Seismic Behaviour of Guyed Masts"

GROSSMAYER

I just wanted to ask if you can also make some considerations concer-
ning dynamic excitation of the anchors of the guys, because if I understand
you well, you consider only the excitation for the mast and static displace-
ment for the guys.

FISCHER

In principle it would be possible to sclve the effect of horizontal exci-
tation of the guy-foundation similarly like that of the mast-foundation, de-
scribed in the paper. The "influence-numbers" /[7/

j,u,vo (x) v (k) (x) dx
j/p V2(k) (x) dx

Pky~™

which depend on the product of the natural mode of the mast and the static
deflection line caused by unitary displacement of the mast foundation, this
static deflection line should be replaced by that corresponding to the unitary
displacement of the guy-foundation. The rest of the solution remains the
same,

LANE
- I would like to ask if you have been able to check your theory on actual
structures.
FISCHER
Till now we could check only the method for computation of natural fre-
quencies and modes. Measuring the vibrations of a guyed mast in wind we

have found the frequencies, which corresponded quite well to the calculated
ones, .
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Paper 4/8 A, CASTOLDI - ITALY

"Contribution of the Surveillance to the Evaluation of the Efficien
cy of Dams, Example of the Ambiesta Dam"

CLOUGH

I would merely like to ask about the recent work using only two compo-
nents of seismic input instead of three. Of course we all agree that even a
three-component input is an over-simplification. But ] was wondering why
you did not include the vertical component in your representation,

CASTOLDI

The true reason for not having included the vertical compohent is that
it has not been recorded. Since the number of seismometers was limited, and
'since it was therefore necessary to make a careful choice of the measuring
points, it has been considered more important to determine the distribution
along the dam foundation of the horizontal components (to which the seismic
- response of the dams is strictly related) than the vertical component,
In any case, from a conceptual point of view, there are no difficulties in
taking into account all the three components,

~

CLOUGH

There is one additional comment in that direction, As you probably
know from the literature, Prof. Chopra's studies on the hydrodynamic inter
action mechanism have demonstrated that in gravity dams, at least, the ver
tical component is or may be as important as the horizontal component in B
generating seismic response. ‘ ‘

CASTOL DI

Yes, that is true., However, it should be pointed out that the Ambiesta
dam, on which these recordings have been taken, is an arch dam, not a
gravity dam, '
CLOUGH

But I think the same might be true in the case of the arch as well,

CASTOLDI

\
A\,

This is a matter which should be checked, However, in my opinion, the
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contribution of the horizontal components of the seism to the horizontal com-
ponents of the response of an arch dam is by far more important than that of
the vertical component. This statement is justified if one considers that the
modal shapes of the arch dam usually show vertical components less than 10 +
+ 20% of the horizontal ones. It follows that the participation coefficients of
the first vibration modes are smaller for a vertical seism with respect to a
horizontal one.

GROSSMAYER

I would like to ask if you can draw any conclusion about the distribution
of the excitation along the base and abutment of the Ambiesta dam,

CASTOLDI

Yes, 10 of the 30 instruments used were placed along the abutments of
the dam at different levels and enabled to know the distribution of the excita-
tion along the foundation,

Some data concerning the amplification factors are shown in the paper:
they range between two and four, with a large dispersion around these mean
values depending on the direction and frequency content of the motion. It has
not been possible however to find a correlation among the records at different
levels,

LANE

I do not know the Ambiesta dam, but I am wondering whether there is
an other structure near the dam to ¢nable a simple understanding of the site
behaviour for comparison with the more complex behaviour of the dam, This
would help to separate various effects,

CASTOL DI

I do not think that there is such a structure near the dam, We have mo
nitored the dam and its foundation quite ¢xtensively, so that we have a good
picture of the situation; yet we could not find correlation among the records.
In my opinion, it may not be a matter of better knowing the site geology or
the earthquake features, but how the energy spreads from it source and
reaches the abutement and the dam.
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