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SYNOPSIS

Dynamic model tests in the plastic range can be carried out at ZR¥K,
Ljubljana with existing equipment. For this to be possible the laws of
model similarty must be known and suitable model materials which can
fulfill the necessary conditions must be found. Ideally, materials which
fulfill the conditions of camplete model similarity should be found,and
in this direction investigations are going on. In this report some su-
ggestions are given as to how the dynamic characteristics of materials
could be determined and as to how reinforcement could be effected with
materials which, with respect to their properties, are the same as the
reinforcement materials for the prototype.

* * *

The analysis of camplicated structures subject to dynamic loads in
the plastic range is certainly one field where model experimental techni-
ques have an advantage over camputational methods. For the carrying out
of such model tests to be possible the laws of model similarity must be
known, and special equipment is needed for the application of loads and
for the making of measurements. As well as this model materials must be
found.

Model tehniques have been being developed at ZRMK for a conside-
rable number of years. The Institute possesses various items of equipment
for the application of dynamic loads, which are steered according to
any chosen program. Included among them are a shaking-table for the
testing of models and structural elements, equipment for the testing of
full-scale elements under cambined (vertical/horizontal) loading, and new
equipment for the testing of model elements under cambined loading.

The problem, which is partly solved, is in the model materials. If
we consider that the choosing of suitable model materials for model
tests with static loading is a difficult enough task, then it is clear
that the finding of suitable materials for dynamic model tests is so
much the harder. In the case of static modelling most researchers follow
the rule that the most suitable material is the one which according to
its camposition and source is similar to the prototype. Such a starting-
point for the choice of a model material leads to modelling under con-
ditions of general model similarity or in special cases to simple model
similarityc.S~ How7ver neither kind of modelling fulfills the condition:

1

where § is the scale factor of similarity for density, B the scale-
factor of similarity for stress and Kl in the scale-factor of similarity
for lengths (the modelling scale).

I . .
Research Engineer, Institute for Research and Testing in Materials
and Structures (ZRMK) Ljubljana
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Because of variance fraom the above-metioned condition it is nece-
ssary to make up for the lack of stress caused in the model by its own
weight. In statical modelling campensation is carried out by the adding
of weights onto particular parts of the model; same well-equipped labo-
ratories make use of tests in centrifuges and even in linear accelercme-
ters. For dynamic model tests, of the quoted possibilities only the
method of adding weights is used, which is not the best solution. It has
to be considered, namely, that in this case the mass of the model is in-
treased, the stiffness of its elements is changed, and new centres of
gravity are created, bringing with them disturbances in the model. A
better alternative involves the loading of the model with weights
hanging on long wires. In this way the mass of the model does not change,
only its weight is increased. Both the quoted methods are approximate as
it is possible to load only a finite (usually small) number of points
on the model. As well as this, special space—extensive solutions as to
testing equipment are needed for the hanging of the weights. The condi-
tion § =8/Ky is sometimes fulfilled by the regulation of the coeffici-
ent of similavity 6, that is to say by the choosing of model materials
whose density is K; - times greater than the density of the prototype.
Model tests of this kind are very much limited by the modelling scale.
Clearly it is not possible to increase density indefinitely without at
the same time departing fram the other conditions for the physical pro-
perties of the model material.

At ZRMK it was decided that the path chosen by the Russian expert
for model tests, Nazarov should be followed. In this case an attempt is
made to fulfill the condition § = B/K; with the additional condition
B = K;, which means that the densities of the prototype and model mate-
rials are kept equal, whereas stresses, modull of elasticity and other
physical quantities with the same dimensions are. reduced with the scale
-factor of lengths. This method of modelling is called camplete model si-
milarity (Col.l in the table). It is understandable that in everyday
practice excessive costs prevent the perfect fulfillment of all the con—
ditions of camplete model similarity in connection with the physical
properties of materials, so use is made of general model similarity (Col.
2 in the table). In this case variations fram the set conditions must lie
within limits agreed in advance and the condition § = B/K) must be ful-
filled. The use of complete model similarity is perfectly logical, as
all events occur in the modul at a K; - times lower state of stress than
in the structure, while accelerations and stress gradients remain the
same.

Table: Coefficients of similarity for same of the more important para-
meters of camplete and general mndel similarity

1 2
Complete model General model

— similarity similarity *

K1 Length Ky Ky

Ky Stress,Modulus of Elasticity K] Kj.$

K¢ Strain ) Y

.Kp Density 1 Fy
Poisson’s ratio 1 ¢

% Log.decrement of damping 1 ¥

F\x Displacement K1 Ky.Y
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Kp Force K13 K13 .6

K. Time fx; X -v
K, Velocity = X -y
K, Acceleration 1 1

Ke Frequency /%, 1/{/Ry .y
Kg Stress gradient 1 )

" Colum valid if condition: & = 8/K; is fulfilled.

The conditions which model materials are to fulfill are thus known;
the only problem which remains is how to find the materials themselves.
At ZRMK extensive tests have been carried out in the field of micro-
concrete, and most recently very considerable advances have been made in
the modelling of masonry buildings for dynamic tests. Experience gained so
far has shown that it is possible to find suitable materials for the mo-
delling of concrete, of materials for the making of building-blocks,
mortars and of other similar prototype materials which satisfy the ma-
jority of the conditions for physical properties. The only guestion is,
to what extent do these materials fulfill the conditions connected with
dynamic characteristics, for example the condition which requires equa-
lity of logaxrithmic decrements of damping. It will therefore be neces—
sary to select fram the list of model materials for static modelling
under conditions of camplete model similarity those materials which
fulfill all the conditions for dynamic tests. Such a selection can be
carried out by means of tests of suitable prototype and model test-
samples, where the latter are excited with impulses and the free damped
motion is recorded, or else where they are subjected to cyclic combined
(vertical/horizontal) loading and the shapes of hysteresis loops are de-
termined. On the basis of compartsons between values obtained in the
case of prototype or model test-pieces for the logarithmic decrement
of damping or for the surface-area and shape of the hysteresis loops,
model materials which fulfill the conditions for dynamic tests are cho-
sen. Experience has shown us that for camparisons it is more useful to
use building elements (e.g.beams, walls,colums etc.) instead of the
simplest kinds of test-samples which are otherwise used for the deter—
mination of material properties. ‘

As there exists at ZRMK a well-established method for the determina~
tion of the dynamic characteristics of building elements which uses
equipment for testing under dynamic cambined loading (dynamic horizontal
eyclic-loading with simultaneous vertical loading), it was decided that
anattenpt should be made to master an analogous method for the field of
model tests. Recently equipment was built for the dynamic combined loa-
ding of model elements, which can be connected onto the program for the
prototype, reduced in the direction of displacements by the scale~
factor K; and in the direction of frequency by the scale-factor 1/ V—Ifi .

A direct’ comparison of the hysteresis loops obtained on prototype and
model elements makes possible good selection between model materials.

To what extent there can be variation fram the conditions for the dynamic
characteristics of models has to analysed separately for each case.
Certainly the variations have to be as small as possible in cases where
the model is loaded by means of forced vibrationszpplied to its base,
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i.e. in the case of model tests on the shaking-table. The mass and the
dynamic characteristics of model materials have direct influence on the
dynamic behaviour of the model as a whole.

Although a wide range of basic materials for the making of model
materials exist for the modelling of concrete, buildingblocks and mor-
tars etc., possibilities are considerably limited in the modelling of
reinforcement. If one takes for example ordinary steel for concrete rein-
forcement then one can see that see that the ¢ - ¢ diagram is quite spe-
cific and that among other materials it is not possible to find such as
would have equal deformability properties (y=1) and Kj-times reduced
strength properties (see Fig.l). Fram the literature it can be seen, in
cases where, when modelling, states of stress with lower stresses are
reached, that reinforcement bars made of some of the non-ferrous metals
or even of various plastics are used. These materials, according to the
shape of their ¢ - € diagrams, do not approach the required shape closely
enough. Thus it is only possible to use them in the elastic range or
else in a limited lower part of the plastic range.

At ZRMK a decision was made in favour of the modelling method
where simply the prototype-material is retained for the reinforcement
of models, cross-sectional areas being so reduced that an equivalent
result is finally obtained. Fram the table it is clear that the model
reinforcement must take on a K13—tjnes smaller force, while strains in
the prototype and in the model must remain the same. If when modelling
reinforcement the physical properties of the reinforcement of the pro-
totype are retained, then a correct acceptance of forces is obtained
only when the cross-sectional area of the reinforcement is reduced by
the coefficient K13. Apart fram the normal reduction of reinforcement
diameter with the coefficient Kj it is necessary in the case of the
quoted method of modelling to reduce the reinforcement diameter addi-
tionally by the coefficient ffl, which gives the total required re-
ductiofi~ in cross-sectional area of Kl3. The consequences of such a re-
duction are that the circumference of the reinforcement is reduced by

fK;-times too much with respect to the circumference which the reinfor-
cement in the model should have in accordance with the conditions of
model similarity. It follows fram this that a similar occurrence of
cracks in the model cannot be expected, as the variation mentioned re-
sults in too little adherence between the reinforcement and the sur-
rounding material. In the case of structures where the width and distance-
of separation of cracks are not essential for the development of the
observed phenamena, the fact that the circumference is incorrectly
modelled can be neglected. In cases where the cracks themselves are of
essential importance it is necessary to get rid of this incorrectness.
The way out of these difficulties lies in the artificial roughening of
the surface of the model reinforcement. The roughening can be most easily
carried out, in our opinion, by the spraying-on of a layer of rough
plastic, which only increases the friction between the reinforcement and
the model concrete, but does not alter the strength and deformability
characteristics of the reinforcement. Such a method of correction must

of course be checked with pull-out tests.

The 0 - € and P-¢ diagrams now have the shapes shown in Fig.2.
Here it should be noted that the P-¢ diagrams in Figs.l and 2 are, in
spite c_)f the difference between the ¢ - ¢ diagrams, equal, a fact which is
essential for the modelling case being dealt with. The principle of the
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described method of modelling can be seen clearly in the diagrammatic
view of the state of stress in the reinforced-—concrete beam shown in
Fig.3.

The cbject of this paper has been to point out some of the impor-
tant problems which arise in the choosing of materials for dynamic mo—
del tests in the plastic range and the ways in which these problems are
being solved at ZRMK. We shall consider the task campleted only when we
have available a sufficient number of model materials for the making of
models of any chosen structure which will fulfill the conditions of mo-
del similarity not only for static tests but for dynamic tests as well.
A wide range of such model materials can only be made possible if there
is organized cooperation between those laboratories which are interested

in the development of model techniques.
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DISCUSSION

B.R. Seth (Indiad)

The authors have suggested spraying the reinforcement
in model by rough plastic to overcome the extra reduction in
circumference, in my opinion the layer of plastic shall not
trangfer the strains fram surrounding material to steel faith-
fully and alter the behaviour completely.

H. Kranwinkler (U.S.A.)

From your presentation it appeared that you have used
prototype material for your model tests. This will not lead
to proper simultaneous simulation of gravity and inertia
forces since the density of the model material shounld be
inversely proportonal co the length scale. How did you corre-
ct for this problem.

Author's Closure

With regard to the question of Mr. Seth, we wish to
state that in the paper the author proposed the use of
prototype materials for the reinforcing of models which are
modelled in accordance with the conditions of complete model
similarity. In this case it is necessary to carry out,
apart from the reduction in cross-sectional area due to the
modelling-scale, an additional correction of the cross-—sec-
tional area. This additional correction brings about a red-~
uction in the ciicumference of the model reinforcement and,
as a result of this, a reduction in the bond between the rein-
forcement and the concrete. In the paper the author quoted
the idea, that suitable roughening of the médél reinforcement
could be achieved by the spraying-on of a layer of plastic.
This roughening would result in the same ocurence of cracks
as in the case of a cross-sectional area without the additio=-
nal reduction. The sprayed-on layer should be thin and its
surface suitably roughened. In order to provide practical
confirmation of this idea a program of tests has been drawn
up. These tests are based on a comparison of pullout and
bending tests, carried out on prototypes and models. The
tests are still in the process of being carried out at the
present time. The author should be reporting on the results
at a later date.

With regard to the question of Mr. Kranwinkler, we wish
to state that if model materials, which according to their
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mechanical characteristics behave like the prototype materials
(simple model similarity), are used for the construction of
models, then difficulties do occilr in connection with the
making-up for lack of own weight. These difficulties are par-
ticularly great when modelling for dynamic model tests.

The essence of my paper has been that in it I have pro-
posed that modelling be carried out under conditions of com-
plete model similarity, the latter being a much more suitable
method of modelling. For in this case the above-described
difficulties can be avoided through a suitable correction of
1) the mechanical characteristics of the model materials and
2) the loads on the model.
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