RESEARCH ON BARTHQUAKE RESISTANCE OF DAMS IN USSR

by
SheG.Napetvaridze*

Apart from defining the two main stages in the develop=-
ment of dam earthquake resistance research in the USSR, the
present paper throws light on how the chief problems in this
field are being solved. These problems are as follows: deter-
mination of dam design seismicity; definition of seismic load
intensity; experimental research on dam earthquake resistance
(field tests of large dam models, three metres in height;
tests of comparatively small models, within one metre in
height, on seismic platforms; nature measurements of forced
vibrations for the dams already erected); translation of basic
directions on design and calculation of dams for seismic areas
into construction standards.

TWO MAIN STAGES IN DEVELOPMENT OF DAM SEISMIC RESISTANCE

Due to the promosing prospeots opened before the hydioe
technical construction in seismic areas of the USSR, the prob-
lems of securing earthquake resistance of expensive high dams
were given woxrthwhile concern as far back as forties.

At that time the science of earthquake resistance of
structures was of empiric character, based mainly on the expe-
rience obtained mainly in the past destructive earthquakes. As
to the earthquake resistance tgeory, it was not developed
enough to rely on numerical results of calculations. This,
however, did not hinder considerably the earthquake resistant
construction of common spartment and industrial builldings,
since at that time they would be constructed of monolithic bo-
dies, with limited number of storeys, a lot of information
avallable on this very type of bulldings.

Under the above-mentioned conditions, the builders would
content themselves with elaboration of constructive desisions
reflected in construction standards, while the design for
earthquake resistance was considered auxiliary.
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Up till now we don't have enough information available on
the behaviour of hydro~technical structures during destructive
¢arthquakes. Henoe, calculation was the only way to solve the
problem of earthquake resistance of dams. This, howevex, could
not be started, until the fifties, when spectra of vibration
of linear oscilator were obtained based on the utiliszation of
accelerograms of destructive earthquakes,

Still in the preceding period the following important
questions were solved,

Peculiarities of the dam behaviour during earthquakes
were clarified; modes and frequencies of free vibrations in
gravity, arch-shaped, counter-force and earth dams were theow
retically determined; methods were worked out for designing
strength and stability of dams as a whole, as well as of their
separate parts (earth and rock-filled dams), proceeding from
the assumption that either seismic vibrations of foundation
soil are sine or there is a case of hit or push; the problem
was investigated of relative earthqueke resistance degree for
different modes of dams; the initlal steps wexre taken on ela-
borating the designing standards of dams and other hydro~tech-
nical structures for seismic areas.

To-day, with well developed sclence of earthquake resise
tance of structures, it became possibvle to determine the seis-—
mic load with due account of actual soil motion character un—
der destructive earthquakes. As to the achievements of comput-
ing technique, they helped to obtain the actual, picture of
dam stressed condition, in case it has been made of monolithio
material (concrete and reinforced concrete), and maximum ba=-
lance of the structure as a whole or its separate parts (eaxth
or rock-filled dams). 411 this was possible, on condition that
the dynamic designing structure scheme was selected correctly,
It is, however, not often that this condition can be easily
fulfilled, since any structure, dams in particular, behave in
accordance with evident space scheme.

DESIGN SBISMICIUY OF DAMS

Under methods adopted in the USSR, prior to designing
dams for earthquake resistance, a certain procedure should be
conducted of defining the design seismicity of structures ex-
pressed in marks in accordance with the 12-mark seismic scale.
Yhe thing is that this value is considered dependent on both
the seismic construction site and the mode and responsibility
of the strugture itself.

Seismicity is approximately defined on the selsmic—-region
map of the USSR with further specisication by way of dividing
the USSR territory into seismic micro-~reglons.

To obtain the design seismiocity, the specified seilsmicity

1IV—429



is either increased (as a rule in the case of high dams) or
decresased (in the case of inconsiderably responsible structu-
res). It can also be left as it is (in the ocase of common buil-
dings and structures).

Division into seismic micro-region 1s executed by analys
ing already available design=-progpecting information on mecha-
nical sterngth of structure foundation soil, on nature of soil
geological laying and on depth of ground waters.

This approach to definition of the design seismicity is
considered guite sufficient while we deal with common builid-
ings and structures. But as soon as we begin to design highly
responsible structures, like high dams, a number of additional
investigations should be done to define their design selsmicity.

Thus, seismic division of the dam construction site into
micro~-regions requiras considerable information on geology and
geotectonics, on imminent seismic centres (seismometric data
of constant stations and ehgineer~seismological data of visual
examination of destructive earthquake results).

In addition to that, the dam construction site within the
radius of about 50 km., is completed with temporary seismic
stations equipped with high-sensitive devices for recording
displacement and acceleration of soils in mlcroselms and slight
earthquakes. These records coupled with the already available
seismometric data obtained at permament stations are studied
with the aim of specifying the seilsmioc condition and the foree
cast of reveal force as well, as spectral composition in futu~
re earthquake for whese load the projected dam is designed,

When forecasting the earthquake stwength, the dam term of
sexrvice is to be taken into account.

This consideration together with the high responsibility
of the dam result in diminished seismicity of high damns as
compared to that of common buildings erected in the same area,
though in worse soil conditions.

INTENSITY OF SEISMIC LOAD

The final aim 1in securing earthquake resistance of dams
1s to obtain proper strength conditions (dams of concrete orx
reinforced concrete) and stability conditions (each dams a
whole or separate parts of earth and rock-filled dams).

To design the stability of a dam as a whole for displace-
ment and collapse, it is sometimes sufficilent to know maximum
lateral force and bending (overturning) moment for the given
earthquake, which act in a complete section of the structure.
To gvaluate durability of material or stability of the dam bo-
dy separate parts, the seismio load intensity ttself should be
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given (problem of elasticity theory or maximum balance).

''he -second mode of design is the most significant for
dams, That is why definition of the seismic Yoad intensity was
given proper concern due to the following simplifying assump-~
tions.

Seismic vibrations of dams are considered to be elastice
In other words, any presence of considerable residual defor—
mations, particularly cracks, in hydro-technical constructions
is not tolerated. But even if cracks appear, as was shown dur-
ing dynamic tests of models made of reinforced concrete or
clay, vibrations are as elastic-~nonlinear witn slight inflence
of non~linearity factor,

Two main types of seismic load are mesant here: momentum
load corresponding to the dam body weight with the equipment
installed on it; hydro-dynamic pressure on the pressure side
of the dam from seismic vibrations of dam-reservoir systeiu.

This paper deals with the intensity of the first mode of
seismic load which for simplicity will be illustrated as one-
dimension problem, with coordinate & and time Z .

Let [V&;Z? be the intensity of momentwn load, while
is the same for reactive (elastic) load. In accordance with
the dynamic balance condition we get

P Y)=-S/x, t) ee e (D
Hence 2
P& Y= m(2) 3% [ U5 8) » Uy 2]

whexres: MfX) - distributed mass;
Jdizt) - elastic displacencnt; )
Ublt) — seismic displacement of structure foundation.

Mode of function depends on that of elastic defor-
mation of the system (bending, displacement or both together).

Thus, for exaaple, wiwn taking into account only bending
deformations for a perxrmanent sectlon rod

¢ U/
T5o= L Tsls Ui <55 £ 06t

considering here and below thatl value = 15 small as compared
to unit ( - logarithmic decrement of frece vibrations),

£~ normal elastisity modulus of material;

7 - moment of seoctlon inertia;
& ~ circular fregquency of free vidbrations.
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Taking into account limited number of 2Z modes of free
vibrations (as dome in practice) without any intermediate oale
culations

(orL

¥
J'/-t,t/w/zylg ilDpr) Cee (@)

& =
p@zyamfx)/-(!/t}-%/t{é: ;;/x)fé_ g e O

Here ¢ - number of free vibrations mode;

4
Z(%5=1(z) S ()

'4
. .{ (L) f; (7) A
BlY=-co Je 7 4B g ) sin v r-8)ds

o
presents acceleration of linear oscillator with circular fre-
quency &J; and logarithmic decrement J° of free vibrations;

Jfx) - function of foym of the free vibrations;
e - length (he:i.ghi’j1 of structures.

With #Z= co due to conditions of free vibrations orthogonal
mode ceo

i1
and after taking this into account in (3) we shall obtain
equality (1).

Hence, with~7# oo or #Z## in case of system with # of con-
centrated masgses, to define the intensity of seismic load, for-
mula (2) or (3) should not be used as the same. It can be easi-
ly senn that, with limited number /22 of considered vibration
modes, formula (3) can be best used to secure the most proper
degree of approximation to the actual load intersity in the

senge of its value ond conformity of distribution over the
structure.

In this case, however, some difficulties arise in compu-
tation, since the design intensity of seismio load should be
defined for plhe time moments Z for vibrations acceleratiy
function ,&°(7) of both linear accelerator and function /%)
presenting the earthquake accelerograw. Hence, the difficul-

ties are connected with the task of elimination of parameter
Z in formula (3).

The most convenient and well grounded in this respect

would be to treat the earthquake as a fortultous-stochastic
procaess.
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In thls case

Stz)= K ;/x)/g_E;-i‘/;?zy e e e (4

f=y
and

T i=A (are o
(L) =K g())f1- S op, S 3¢
P=RgEY1-3 -] Gtgia) ()
Heres

?/(Z =m/x)i - presents dis*ributed proper ioad,

7 ~ acoeleration nv gravity force,

L- -4
by 7
G =i+ | Bropauds
je the avevage sq:xa.re of dynanmity coeffuicient.

On the other hand: ﬁ/yj - fixed opestral asceleration
densgity, while :

, 2
YO wy)m
2
//(ti-a-@?{‘-a{?ﬂ?jg—;
formulas (4) andé (5) are genevalizéd for both two and three=—
dimension problems.

As in the case with curve /6/?,‘ 77 constructed for ome of
the earthquakes in tke Caucasus” (rogk foundation), with diffe-
rent logaritwuuic derorements, (Fig.1) &/4, 7))~/ corresponds to
a rather rigid ~tructure and reaches its maximwas undexr the
free vibration period ecual to 7/ = 0.3~0.4 sec., Wurther /6/4:7)
is drewing to a zero with 7—=oe . Gpecial attention is cen-
tered On the above-mentiloncd outline nature/ﬁ/offj when prob-
lems of dam earthquake resistance are dealt” with.

EXPERIMENTAL RESEARCH ON EARQUAKE RESISTANCE OF DAIS

As 1t was mentioned above, to calculate the intensity of
a selsmic load, 1t 1s necessary to know frequencies (periods),
modes ard logarithmic decrement of free vibrations of dams.
For all the basic modes of dams (concrete avity dams, coun-
ter-force dams, arch-shaped and earth dams) the first 3-5 ty-
g:s 3nd frequencies of fiee vibrations have already been de-
ned, .

The problem of defining the design value of logarithmic
decrement for various types of dams was rather difficult. It
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1s meanwhile, this very problem that the intensity of the sei-
suic load itself considerably depends on (Fig.1).

The thing is that the value of logarithmic decrement is
stipulated by the type of construction material, nature of
structure deformation (bending, displacement or both at the
same time) as well as by the degree of its stressed condition.

Since the structure in earthquake conditions has to act
in the zone of high stresses, the measurements of free, forced
or even reaonance vibrations always limited in amplitude, due
to the danger of dam damage, canncot settle the problem of de-
fining maximum and at the same time stable (oalculating) value
of logarithmic decrement.

The only chance left is to investigate the strong forced
vibrations of the dam model. The model should thereby be large
enough, as a rule not less than 3=5~ metres in height (depend-
ing on how coarse the kernels are of the dam body material) to
use the same material for the construction of a real dam. Other-
wise, 1t would not prove easy to find some other material,
though different in elastic qualities, still identical in the
character of free vibration damping.

A large model like this will most favourably be tested in
field conditions, the model of the river canyon belng used as
welle The forced vibrations of the model are immitated by the
system of mechanical vibrators located in certain sections of
the dam body. All this is meant to allow alteration of vibra-
tion frequency and kinetic moment of eccentrics and thus to
secure resonance curves corresponding at least to the first
three types of free vibrations, with different values of pul-
sating force.

With the aid of proper experimental data the following
significant problems can be solved: specification of definite
theoretical frequencies and forms of the dam free vibrations
with due consideration of its spatial action; definition of
the design value of logarithmic decrement; evaluation of non-
linearity of vibrations degree depending on the degree of the
dam stressed condition; when the deformations acquire destruc-—
tive character; the process is traced of appearance of residu-—
al deformations in the dam, and thus the maximum tolerated in-
tensity of dynamic influence is evaluated.

On the below-given example of the one~degree loose system,
which in actual construction will correspond to the case of
regonance for any form of free vibrations, the method will be
shown for the definition of th: design logarithmic decrement
and svaluation of vibrations non-linearity degree.

Here 1s the equation of motion:

¥ = J: i /
R G)rR(G, D)+ G 7~ & G()= F(9)
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‘'he new symbols are:

/7. — point mass;
473ﬂn41 stage number of pulsating force amplitude
Ry - elastic force restoration coefficient;
”” = reaction force consisting of linear and non—lie
near parts;
i?ﬂg -~ outer pulsating force.

When attaining resonance, i.e. stationary periodaic vibra~
tions, we shall have

m G () +R(GY)=0

wd p Ly b )= 50

From the first equation we define &ﬁ@&é} and hence,
degree of non-linearity of dam deformations under vibrations
which is of interest for us.

With the aid of the second equation we calculate the value
of logarithmic decrement g; for different stages of dynamic
load up to destruction stage and hence, for the stressed con-
diti;p of the dam. This done, we define the stable design va-
lue .

Sometimes large dam models cannot be built and tested in
field conditions because of the time shortage.

In this case in the USSR comparatively small dam models
would be tected on strong seilsmic platforms installed into
field structure. The model of the river canyon would thereby
also be used.

It was like this that the models wexe tested of 300 me-
tres concrete arch dam, 240 metres massive counter-force dams
300 metres and less earth and rock-filled dams.

To detect the directionm of horizontal seismic force action
most dangerous for the dam, the models would be tested under
different orientation towards the direction of seiamic plat-
form vibrations.

Prior to investigating the models, the following tasks
were set. Lo define the regularity of distribution over the
dam height of the intensive seisnic load, with account of its
apatial action. To do this, it is sufficient to measure acoe--
leration of vibrations in different points of the model with
the aid of small and light acceleration indicators. This done,
dynamic loads should be measured in the models of concrete
and reiforced concrete dams with the aid of defoxmation gau-
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ges., Dimensions and nature of residual seismioc deformations in
the dam body should also be studied, such as cracks in all ty~
pes of dams; sinkings and distortions in the initial outline
of the slopes and tops of the earth or rock-filled dams. Prac-
tical meaning of so estimation these residual deformation va-
lues is they can be forsseen beforehand when designing the di-
mensions of the dam section.

In addition to that, the question of sudden slipping of
slopes or its separate parts is of great intexest for the
earth and rock-~filled dams, since this can gravely endanger
the dam safety during earthquakes.

And finally, as was proved theoretically and by tests on
models, the value and nature of residual deformations in the
earth and particularly rock-—filled dams 2xe influenced by in~
teraction under the vibration of such heterogeneous in their
elastic qualities dar parts as are outexr prisms and the coun-
ter~filter core. In particular, this interaction serves to
promote the development of above-mentioned residual deforma-
tions in rock-~filled dams more than in earth dams. It was also
found that in this respeot the slanting counter~filter core ox
the plastic screen have some advantage over the central counter—
filter core.

The main fault of model tests on seismic platforms lies
in that practically it 1s impossible to model the gravity fo-
rce., lhis conoexrns models of earth and rock-—filled dams, since
the effeot of clawping the counter-filter core and outer prisms
in the surface zone strongly diminishes residual deformations.
Taking this into acco'mt, the designers would preliminarily
pack the models of earth and rock-~filled dams by vibration in
temporary shields. This done, the shields would be removed and
the model subjected to vibrations in accordance with the given
condition.

Vibration condition consists in the following. Accelera~
tion, frequency and duration of vibrations are modelled undex
the similarity theory. Lo obtain thereby moderate experimental
acocelerations and values of model dfformations convenient for
measurenent, the material would be used different from that of
the prototype. Thus, concrete would usually be replaced with
concrets on rubber filler with various mixtures. Coarse gravel
and rock-filling are modelled accoxdingly by fine sand and
road metal. Material of the counter-filter core 1is replaced by
replaced by low-modulus elastic material. I[he materials used
for models were considered selected correctly,in case condi-
tion of immutability was observed in comparison to the proto-
type of transverse deformation coefficient for concrete or
reinforced conorete and inner friction angle for dxry substarces.

In spite of certain drawbacks, the model investigations

allowed to make some useful corrections into theoretical for-
mulas and answer a number of practical quesiions comneocted
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with designing of dams,

The nature tests of dam vibrations are to solve the fole
lowing problems. To define by expedition investigation the mo-
des of proper vibrations of the already built dams so that the
theoretical methods be checked. Stimulation of resonance vib—
rations 1s executed with the aild of one mechanical vibrator.
This done, we can with the aid of automatically engaged acoele~
ration and tension counters installed in the dam body and on
panyon sides obtain records of strong earthquakes which will
glve us a full idea of how intensive the seismic load is and
to what degree the dam body is stressed, This will help to
cheok the entire theory of calculation and designing of dams
for seismic areas.

SECTION OF "HYDRO-TECHNICAL STRUCTURES™ IN DESIGNING
SLANDARDS OF EARTHQUAKE-RESISTANT CONSTRUCTION IN USSR

The new designing standards for earthqualke resistant con-
struction in the USSR offiocially approved in 1962 have been
conslderably improved as compared to the sdandards that acted
in 1957 preceded by those of other periods. The acting stan-
dards embrace construction of a wide variety of buildings and
contain secotion "Hydro-techniocal construction". This "Sectiont
oarries directions on definition of seismio loads (hydro-dyna-
mic pressure of water and inertia loads) for designing firm=—
ness and stability of proper types of hydro-technical struc—
tures, such as dams, canals, tunnels, pipe-lines and other
structures of supporting walls type. The "Section" also under-
lines that any type of dam can be made earthquake resistant on
oondition of proper design and construction with account of
geismic loads.

The dynamio effect of seismic coefficient is expressed by
one coefficient as compared to usual buildings, whose stand-
axrds require ditferent dynamic coefficients depending on pro-—
per vibration periods (spectral approach). This is explained
by the fact that the dam free vibration spectrum (excluding
high earth dams) is limited by narrow area and in addition to
that due to the absence of sufficient information available on
the design of value of free vibrations logarithmio decrement,
i1t was difficult to design a spectral curve of dynamic coeffi-
olent fro dams.

The "Section" also carries a number of dirsotions on se~
ouring earthquake resistance of dams.

To-day preparatory work 1s being oarried on for a new
edition c¢f the standards section which carries the design of
dams for earthquake resistance in accordance with a spectral
curve of dynamic coesfficient designed especially for dams.
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ERRATA

RESEARCH ON EARTHQUAKE RESISTANCE OF DAMS IN USSR
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PAGE 433: Equation 5; delete and replace by:

pie) = Keglx) ﬁ-tg 'Zi(xﬂi t ; B! e
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