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purpose, .
In practice, quite obviously it is necessary to reproducenot just one par

ticular spectrum but the envelope curve of the spectra corresponding to a
given geographical zone, .

The controversial questionamong geophisicistsas to whether there really
exists a "standard" spectrum for each individual zone is of no intere st to the
Structural experimenter, The peak value of the spectrum and the correSpon-_c_l_
ing value of T vary in all practical cases within moderate limits so that it
is possiblefor the experimenter to reproduce also the "envelope of the envelo
pes of the spectra”,

2) The second requirement, concerning the dynamic aspect of the problem,
arises from the necessity to study the behavior of the model by introducing
intoitthe possibilities the prototype possesses to free itself, bqth the ''rigid"’
ones (as for instance, those provided by the discontinuities due to the presen
ce of joints in dams) and the "plastic” ones, These possibilities may come
into play already during earthquakes considered to be norn'i'al, and are cer-
tainly of decisive influence in limiting the strength reserves -possessed by the
structure in the case of excevtional earthquake, L

The similitude conditions to be satisfied by the model in this case are
rather complex,

a) Firstof all, since the principle of superimposition of effects is no longer
velid in the presence of discontinuities and beyond the elastic range, it
is necessary to reproduce simulta.neously on the model all the main for-_
ces the structure is subjected to, viz,:

- dead load

= hydrostatic pressure (for dams)

= Selsmic action (which, in the ca
se of dams, acts both directly
and indirectly through the liquid
mass),

We shall assume the following fundamental ratios(!):
a) (ratiobetweenthelengths 1), setting the "geometrical" similitude, i, e, :

=-L
A R

{'} The model quantities are dencted by an apex.
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b) (time scale factor), which, together with A , determines the "kinematic"
similitude, or ‘
T 2 =
t
c) (ratio between the surface forces), which, together with A and T,
furnishes the "mechanical" similitude, i,e,:
-
g

Once the values of A ,T and § are set, the ratios between all the other
mechanical quantities coming into play are also defined, specially that be
tween the accelerations

X = Ar7?

the one between the specific volume forces
y=zA"

and that between the specific masses
p=TX?

When consideration is given only to the seismic action, all the three
fundamental ratios can be selected at will, be thay the traditional A ,T and3q
of theoretical mechanics or, as a more immediate reference to experimen
tal practices, the three ratios

/\s-ll'T c=% P:——'

between the lengths, the elastic moduli and the densities respectively, all
the three being defined by the dimensions of the model and by the basic cha
racteristics of the materials employed therein,

The model will then reproduce the seismic stresses ® (which, in the
ultimate analysis, constitute the unknown of the problem) if the movement
at the base of the model will. satisfy, as to amplitudes, the scale factor \ ,
and as to the time, the time scale factor

, T = Aptgd

But, because of the reasons set forth at the beginning of this paragraph
(and with special reference to dams), itis desirable to have the dead load and
the hydrostaic pressure to act simultaneously with the seismic action, These
are either volume forces or consequences of such forces, The scale of the
volume forces is therefore defined by ’
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Pow, sincs tne model has to be subjecied 10 Spoo0 Gl LLnn, LU B
practically impossible to satisfy ihe valve of  givenby expression (3} through
the use of artifices (such as Lhoae employed in ordinary static model tests),

Ex*presucn (5) can be met only 'spontanecusly’ by applying thc zoceloraiion
of graviivio the mass of the model, as givenby ¢ . %uite obviocusly, the ac
celeration of graviiy ig the same on both the medel and the prototype, and
hence T = { A and Y=o . Conseguently, expression {5} becomes

Ap =

in conclusion, the requirement of applying various simultaneous actions
leads in practice to imposing upon the model the condition (9), which arises
from its connection with the surroundings and hence eliminates one of the
three degree of dimensional freedom of the problem, rendering its solution
much more difficult,

In fact, it should be noted that A is to be considered as fixed (at least
in its order of magnitude)by practical requirements, andthat g too can vary
only within rather restiricted limits ('), There follows that the conditionAg
= T, is very restrictive, especially for high values of A,

To the conditions of similitude thus far examined and concerning the ap
plication of the external forces (including the inertia forces) to the model
structure, the conditions governing the true 'response' of the structures
itself must be added,

These conditions regard the modelling of the rheological properties of
the materials of the prototype, and can be determined on the basis of one
of the theories by now well developed and which try to interpret analytically
the elasto-plasto~viscous phenomena of solids, This wili enable to define
easily all the dimensionless ratios {since all the dimensions have already
been fixed) which, in passing from the prototype io the model, should remain
unaltered, Theseare, for instance: h/E, i, e, ,the ratio between the constant
of plasticity (Von Mises, constant)and Young's modulus; M /ET, or the ratio
between the viscosity constant and the product of Young's modulus by the
free vibration period; M/ p i.e,, the functions of M (depending on the stresses
and the rate of deformation) and the viscosity constant (')

(") Itistobemnotedthatinthe case of dams the ratio g enlers iwice, namely
for the liquid in the reservoir and the concrete,

(") For a more detailed treatment of the conditions of similitude derived
from the theories of elasto~plastic-viscous bodies see "G.Oberti = Il
comporiamento statico delle strutture oltre il campo elastico studiné~
a mezzo di modelli ~ Varenna 1955,
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It seems however that such a conception of the conditions of similitude
is based on a too simplified interpretation of the complex phenomenon, Less
elegantly, but with greater adherence to the well-known experimental resulis
it seems to us thatitis more appropriate to define the conditions of similitude
as follows:

a) As far as the i sh 2 & concerned, reference
ghould be made to & g, These, as is known,
are fairly well characierizea ignated as coefficient
of damping in the theory of vibra Even though its dependence on the
rheological properties is not well defined, it has advamiage that it can be
easily determined experimentally,

The parameter r has the dimension of a frequency. Hence, when the
dimensionless ratios are directly taken, it can be stated that the similitude
of the dispersion phenomena will be satisfactorily secured if the ratio

[ d
W

J = =
b

(where f is the free vibration frequency of the structure) remains unaltered
in passing from the prototype to the model,

b) As tothe stresses whichmay be consideredas dangerous it would seem to

be suificient torefer, asis done analytically, to the sole conditions of ultima
te compressive and plain tensile strength,which obviously are to be repro

duced in the ratio § . A more complete reprouuction on the model will be

obtained by referring to the ultiiate streugth conditions defined by the com
plete intrinsic curvesd { T )} of the two materials {Mohr), In passing from

the prototype to the model, these curves will have to correspond homothetically
to one ancther in the ratic .

c¢) Regarding the other known and unknown rheological parameters coming
into play it seems to be adequate to rely on the "relationship' between the
physical structure of the two materials, Thus, in the case so far examined
of modelling concrete structures it is desirable that the model materials also
be concrete, It is certainly not too far from being true to assert that when the
reproduction of the above~discussed fundamental parameters, like modulus
of elasticity, ultimate loads, etc,, is assured (preparing, for instance, a
concrete which is harmonically "weaker'' than the concrete of the prototype
but yet composed of a binder and an aggregate), the other parameters too,
like viscosity, plasticiiy and soon, are reproduced with a good approximation,

PART I

Following is a brief description of the dynamic test equipment installed
at I,S.M.E.S, and of the extent to which its performance meets the condi~
tions of similitude outlined above,

The steel platform for the placement of the complete foundation has 3 m
X 4 m in plan,

The entire unit can be considered as rigid (so as not to introduce appre
ciable parassitic vibrations) and is suspended from a steel frame by means
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of springs, It is thus possible to apply to the model both horizontal and verti
cal vibrations,

The generation of vibrations is obtained through three distinct devices,

a) The first one consists of a pendulum~spring set of the type devised for

Stanford University by L, Jacobsen, well known to students of the dynamics
of structures;

b) The second one is a system of electromagnetic vibrators whose electronic
control permits to vary independently the frequency and the amplitude of the
vibrations and to limit moreover the seismic action to a very small number
of cycles,

These two devices enable to obtain "spectra' of the type shown in Fig. 1
and which are, as may be seen, essentially similar to the spectra calculated
by Housnper and Biot for various earthquakes,

Through a number of repeated shocks having pulsations between 10 and
25 Hz (onthe model) it is thus possible to cover the entire range of "spectra’
considered probable by the geophysicists,

c¢) The devices described under a) and b) meet well the theoretical require
ments of modelling earthquakes and their effects (kinematic similitude), But
aue to the influence of damping, the analysis of the dynamic characteristics
of the structures under test becomes rather difficult. Hence, together with
these devices a vibrodyne with a system of eccentric masses is employed
(the force developed is up to 10 tons), This enable the generation of strictly
sinusoidal and undirectional vibrations, both vertical and horizontal, at a
constant amplitude (which is very useful for the above-mentioned analysis)
and a frequency ranging between 5 and 25 _Hz,

This frequency, on the other hand, can be varied only slowly because of the
inertia of the rotating mass, so that, in view of the great reduction brought
about in time due to similitude, each test represents an earthquake of very
great duration,

Therefore, the "spectrum'' (relatingto a certain interval of frequancies)
obtained through this equipment (Fig, 2) is, as can be seen, very similar to
the classical resonance curve of forced vibrations,

The peak value a/ a is thus defined by the scale value of the coefficient
of internal damping of tfe structure under test,

The materials thus far employed (January 1960) for reproducing concrete
consgist of mixes of litharge (aggregate) and plaster of Paris (binder), The
mechanical characteristics of these materials can be considerably altered
by varying the proportions and by adding appropriate admixtures, The extreme
values so far realized and those of common use are given in table 1,

As far as the basic conditions of similitude are concerned it should be
noted that, since the relation A = p% is generally to be satisfied, the above-~
~gaid three mixes are capable of reproducing the elastic properties of the
concrete when the values 150, 75 and 45 are assumed for the length scale
(for E = 300, 000Kg/s8q. cm there will in fact be LIS =100, T b= 50 and g =

= 30).

Asg to the strength conditions it ought to be pointed out that the materials

listed under b) and c) retain the ratio § set for the elastic moduli also in the
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case of ultimate strength, whereas the materials of type a) reproduce a con~-
crete which has a noticeably lower strengthbutis endowed with greater plastic
characteristics (the ultimate strains, which in the case of strict similitude
should remain unaltered when passing from the prototype to the model) are
much larger for the material of the types (a),

The values given for the coefficient of damping have been obtained
through some free and forced vibration tests on small cantilever beams,

The dependence of the damping variation law on the frequency of vibra-
tion and on the stresses induced in the structures is still under test both on
the model materials and on some type of concrete,

Reproduction of the reservoir water (in the case of dam models) is done
by using a saturated saline sclution having a density of 1,5 tons per cu.m,,
whichisinvery good agreement with the density of 3,7 tons/cu.m. of the ma
tarials reproducing concrete,

From what has been said in Part I it is possible to see that both the test
ing equipment and the model materials do not rigorously meet all the condi~
tions of similitude set forth in the first part of this paper,

Letus now examine the limits and the methods by which it is all the same
possible to make use of the test results,

For this purpose we shall introduce the concept of "dlstorted model'’,

Let be a certain quantity of the problem under consideration (in our
case the stress, the main unknown), This will have to satisfy the well~known
expression

8, = ee-cr(x‘ s Moy g weoevenns ][-m)

which, following Bukingham!s classical notations, summarizes the conditions
of, similitude, :

Obviously, the correspondence between S and ©® _ is assured in an
absolutely general way when each and all of the diensionl&ss ratios X ; re~
mainunaltered in passing from the prototype to the model: then a perfect mo
del is obtained,

But it is equally possible to secure a correspondence between & and
& _ if the effects of possible alteration of a ratio X , are offset by the ni‘ter_a_
tidh of another ratio X . ; it could then be spoken of a "'distorted model",
This offsetting should obviously be defined theoretically or a least checked
experimentally ('), and the use of such a model will be subject to limitations
contrarily to what occurs for the perfect model, as it will be legitimate

M Essentially, the distorted model represents a midway between the modelling
technique and the direct study of the phenomenon as it transfers to this
second plane the difficulties which were not overcome on the first one,
with all the uncertainties brought about by this transfer, at least in the
case of very complex phenomena such as ours,
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only with respect to the quantity (or quantities) for which the offsetting itself
has been assured,

Bearing inmind what has now been said concerning the 'distorted model"
as well as the concitions required for obtaining a "'perfect model" set forth
in Part I of this paper, we shall in what follows examine briefly the testing
possibilities afforded by the above~described equipment and the materials
available at I,S. M. E,S.

a) Analysis of structures for which all the mass forces, excepting the inertia
ones due to the seismic action, are negligible,

Once A has been set in its order of magnitude by obvious practical requi
rements, the material available makes it possible to choose, at equal values
of p (which thus get fixed), the value T for which the conditions of similitude
with respect to strength are also well met (mixes outlined under b) and ¢) ).

In this case therefore the time scale is fixed only after the rheological
requirements have been satisfied, anditis T = T (A, @ ,3 ), On the basis
of thisand of A, the seismic movement is definitely set, and its reproduction,
for the available values of, A\ , ¢ and T, presents no difficulty, To be cor
rect, the time scale is influenced also by the dispersion phenomena and the
pulsatiox‘;zs w of the structure prove to be altered in accordance with expres=
sion w p =W 2402 (if the usual theoretical schemes are accepted), but, since
r is much smaller than w , this influence may be disregarded,

Not to be overlooked, on the othér hand, is the effect exerted by the damp~
ing on the vibration amplitude of the structure, i,e., on its ""response’ to the
earthquake, Since this "response’ forms the object of the investigation, it is
absolutely necessary to assure its reproduction in any case (that is, also for
r:rt#¢ T =,

For such purpose, an artifice suggested by the above~mentioned theory
of "distorted model" may be adopted,

If the vibration amplitude A = a w - proves to be altered at a ratioX
with respect to what there ought to be, the acceleration of the seismic action
applied to the model can, onthe othe-hand, bealteredin the ratio X k= 1:X p
This can obviously be very easily done by changing its amplitude ¢ he dura=-
tion too can be acted upon if electromegnetic vibrators are used, but such
operationis much more delicate), No variation should, instead, be impressed
onthefrequency , inasmuchas such a variation would lead not only to a change

of the peak value but aiso of the shape of the "spectrum" a:a, ; whereas the
shape has to remain unaltered ()

(') It is to be noted that corrections of this kind have been rarely used by us
due to the uncertainty caused by the scarcity of data available about the

damping in the prototype structures, To remedy this deficiency in data
researches are now being conducted,
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b) Analysis of structures for which all the mass forces are to be taken into
consideration,

From whathasbeen said earlier it is clear that all the three basic ratios A

p, and?T , and hence , are practically fixed "a priori",

For A = 75 the materials available (obtained through long and painstak-
ing research, as nothing in this case is left to the free will of the experimen
ter) make possible that alseo the conditions governing the failure be automaw
tically conformed to,

The development up to collapse occurs as for the models described under
a), including the possgible corrections due to dissipating effects, It is only to
be pointed out that in caze the model is that of a dam with a full reservoir, it
is more appropriate that the correction of the peak values of the structure's
accelerationbe made by varying the duration rather than the amplitude of the
seismicaction, This is because amplitude variations, even though correcting
the inertia forces, of the structure, would alsc produce an undesirable altera
tion of the hydrodynamic overpressures for which the damping problem has a
very different setup,

For A< 75, the materials now available permit a faithful reproduction
of the seismic effects in case the material remain within theelastic range
and also when phenomena such as opening of joints, overturning, ete,, occur
inthé structure, The failure governing conditions are, however, not conform
ed to simultaneously,

The model may equally be made use of when condidering separately the
elastic vibration stage and the cracking or collapse stage,

In the former stage, the model is essentially a complete model, and the
considerations outlined for the previous models (with N\ = 75) are also valid,
In the latter stage the modelis tobe regarded as a "distorted model”, As time
scale factor.it is still permissible to assure, as for first stage, T = By )
since the internal rigidity of the structure(which is a function of the ratio
T g =E/E!betweenthe elastic moduli) stays practically unaltered; unchanged
arethe free vibration frequencies and, hence, those of the seismic action are
to remain unvaried,

As to the effects of the seismic action, they depend, in the cracking
stage, onthe ultimate stress 6 R, for which the new scaleratio T g = T R TE
is valid, Now, the similitude with respect to the stresses depends on two
conditions, i,e,; that the siresses coincide with the ultimate ones and that
SR! a = AT"2, As regards the first condition, each case is to studied se~
parately, As to the second condition, since in passing from the elastic stage
to failure thetime scale remains approximately unaltered, it can be confirmed
to when the amplitude scale of the seismic action is varied in the ratio 1 : ¢ R
This can easily be done with the available equipment,

The above-outlined scheme is, however, obviously one of first approxi
mation, In fact, it neglects the influence of the variation of the other applied
loads, suchas deadloadandhydrostatic pressire (varying with ¥ Rr), attribut
ing a paramount importance to the seismic action; it, moreover, disregards
the undoutedly very rapid variation of the aamping coefficient, for which a
new factor, corrective of the seismic movement amplitudes (and whose elavua
-tions is, at the present stage of knowledge, unknown) ought to be introduced,
Furthermore, it requires that the behavoir of the structure be governed by
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higher stresses, since at a stage far from failure other scales are valid for
the stresses, As if all this were not enough, there appears to be omitted also
the influence exerted‘'by the high ultimate sirains of the materials under con-~
sideration,

However, it seems, possible to state that if one limits oneself, as is the
present practice atl,S,M,E,S,, to scanonthe model the initial stage of failure
the moment and the load at which it occurs, the shape and position of the inci
pieut cracks, then the model may, even at that stage, provide the designer
with very useful indications,

PRACTICAL. EXAMPLES

The above~outlined criteria have been first applied in 18955 when, through
the initiative of Engineer Carlo Semenza, the seismic behavior of the Ambiesta
dam has beenexaminedby the aid of a model; other dam models have been test
ed subsequently, Table II shows the basic characteristics of the structures
investigated and the most significant data regarding the modellingand the resuits
obtained,

Asg - an illusiration and complement of what has been said above and still
remaining -within the limits of the modelling problem we wish to point out as
follows:

~ The phenomenon of greatest interest to the designer is the possible dina
mic increase of the amplitude when the frequency of vibration coincides with
that of the free vibration of. the model, The example given in Fig, 3 shows
how this phenomenon may be very clearly seen: the frequency of free vibration
is correctly reproduced and so also, withthe above~mentioned due precautions,
the peak value of the vibration amplitude A,

= Of the phenomena takir r place beyond the elastic range, the following

are of special intersst:
a) the "erinkle effect”, i,e,, that only a part of the structure enters in re~
sonance, This phenomenon is obviously of a transitory nature, and its limits
are often defined by the correct reproduction of all the forces in action, which
reproduction is thus decisive,

Thus for instance, the central part of a dam overhanging heavily on the

downstream side is sometimes brought into vibration in the manner shown
diagrammatically in Fig, 4, The water pressure, stabilizing the continuity
along the arches, limits this effect, reducing the danger,
b) the variation of the basic frequency of free vibration, because of the in-
cipient plasticization (Fig, 5), This phenomenon is reproduced by the materials
that we are now employing with great quantitative uncertainties, It is interest
ing however that the model should bring it to light at least qualitatively as one
of the resources used by the structure in order to avoid as far as possible the
dangerous effects of resonance,
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Dynamic Tests on Models of Structures
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Table I
CHARACTERISTICS OF MIXES:

density d, Yomg's modulus E, ultimate strengths in compressionéc; and
flexure®,, dimensicnless coefficient of damping /£,

NIX a E & 6p /£,
(t w3) (kg ew?) | (Kg @) | (Re cw2)

Type mAn 3,6 3. 000 2,0 0,6 0,23

Type "Br 3,7 6. 000 6,0 1,5 0,21

Type "Gt 3,7 10. 000 11,0 2,8 0,20
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