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Shaking table testing of structures

R.T. Duarte, M. Ritto-Corréa, C.T.Vaz & A.Campos-Costa
National Laboratory for Civil Engineering, LNEC, Lisbon, Portugal

ABSTRACT: This paper presents, in the light of LNEC experience in Earthquake Engineering studies,
the limitations and advantages of shaking table testing of reinforced concrete and masonry structures. It
starts with a general assessment of the contribution of shaking table facilities to the mitigation of earth-
quake risks and proceeds with a discussion of some specific problems of shaking table performance and
testing procedures, like shaking table design alternatives, self-tuning control and numerical evaluation

of testing strategies.

1 INTRODUCTION
1.1 Scope

This paper discuss the present understanding in
LNEC of the limitations, possibilities and purposes
of shaking table testing in the field of earthquake
engineering, with emphasis in the evaluation of the
behaviour and safety of reinforced concrete and ma-
sonry structures.

Recent papers have dealt with shaking table test-
ing either from a more general (Buland, 1972) or
from a more technical (Clark, 1992) viewpoint.

1.2 LNEC ezperience

LNEC activity in the field of earthquake engineer-
ing started in the early fifties and is characterized
by the development of analytical and experimental
studies concerning fundamental research, the study
of specific structures, and the elaboration of stan-
dards and codes. Analysis and evaluation of earth-
quake stricken zones have also been made in several

occasions. ) . .
Experimental studies started in 1960 with an

electrodynamic shaker (15 kN, 5-5000 Hz) which
was used mainly for the tests of dams models (Ferry
Borges et al., 1963). Presently the main experimen-
tal facilities comprise an uniaxial horizontal shaking
table (3.26 x 2.26m?, in operation since 1972) and 2
vertical shaking table (2.65 x 1.60m?, in operation
since 1977) powered by servocontrolled hydraulic
actuators, hereafter referred to as servo-actuators;
there are also testing rigs for beam column assem-
blages, masonry panels and dam models; specially
develloped software is available for control of the
equipment, and data acquisition and processing.
Those shaking tables have been used mainly in
civil engineering studies, and in certification of elec-
trical equipment, namely of control cabinets for nu-

clear power plants (Vieira Pinto et al., 1987). A
large (5.6 x 4.6m?) triaxial shaking table, partially
funded by the European Community Large Insta-
lations Programme, is planed to start operating by
the begining of 1993. Researchers specialized in
mechanical systems, control systems, data acqui-
sition and processing, experimental methods and
computer science are available to support the test-
ing activities.

In regard of analytical studies, the main com-
puter codes perform linear and nonlinear analysis of
structures; structure-water and structure-soil cou-
pled problems are dealt with; stochastic and step-
by-step integration methods are widely used; pre-
and post-processing programs are available (Pedro
et al., 1988).

Recent and on-going studies include the exper-
imental investigation of the earthquake behaviour
of beam-column assemblages and masonry panels,
analytical and experimental analysis of arch-dams,
basic research work on the quantification of be-
haviour factors through nonlinear computer anal-
ysis of buildings and bridge structures. LNEC is
also actively collaborating with the National Civil
Protection Agency and the City Council of Lisbon
in earthquake risk mitigation programmes.

2 MITIGATION OF EARTHQUAKE RISKS
2.1 Purposes of earthquake engineering

From an appropriately inclusive viewpoint the
purposes of earthquake engineering are:

(a) To design, build, inspect, strengthen and
repair structures in conditions of economy
and efficacy socially acceptable;

(b) To contribute to the formation, develop-
ment and enforcement of policies aimed
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at the reduction of earthquake risks, in
special those derived from damage or col-
lapse of structures;

(¢} To support the establishment of cultu‘ral
values that facilitate the implementation
of safety measures against earthquake

losses.

The activities described in (a) are the traditional
engineering activities. However, it is added that
they should carried out in such a way that they do
not unnecessarily interfere with other purposes gf
the structure, like functional needs and aesthetic
requirements; and not only this should be achieved
but also it should be shown to be so. .

The activities described in (b) are not profissional
activities of the earthquake engineer qua engineer
but are his duty qua citizen of a given state. In
effect, earthquake engineering should contribute to
public education on earthquake hazards and should
support the establishment and strengthening of risk
mitigation policies (Press, 1984) at a national or
international level. Simillarly the activities in (c)
transcend those in (b) and suppose: i) politics are,
at least partially, in service of cultural values; ii)
cultural values are not imutable and can, and some-
times should, be changed. The importance of cul-
tural values in the perception and acceptance of
risks has been recently emphasized (Dake and Wil-
davsky, 1990).

2.2 Contribution of shaking table studies

After each strong seismic event the knowledge
on the earthquake response of structures is greatly
increased by the observation and analysis of the be-
haviour of the different types of construction. The
new knowledge is, in general, rapidly incorporated
in the relevant codes through the revisions that are
almost always carried out after a destructive earth-
quake. Even if very valuable, the information com-
ing out of the observation of buildings that were
subjected to a strong earthquake is not systematic,
is not adequately documented and the response of
the structures is the result of many unknown pa-
rameters: input motion, original structural char-
acteristics, pre-earthquake damage (due to founda-
tion settlements, previous earthquakes, absence of
maintenance...), interaction with other structures,
etc. The only method that can provide reliable re-
sults is the test of structures, or members of struc-
tures, on shaking tables. Furthermore, shaking ta-
ble testing is the only way to evaluate directly the
performance of some structural systems that are
very common in some earthquake zones (e.g. ma-
sonry infilled reinforced concrete frames) which are
much influenced by the dynamic and spatial char-
acter of the earthquake action.

In the case of natural disasters that have a large
return period, like strong earthquakes, the percep-
tion of risk, of the need to take appropriate mitiga-
tion measures and of the efficacy of those measures,
has a strong cultural component. The films and
photographs obtained during shaking table testing
are a good contribution to the support of the poli-

i d to mitigate earthquake risks. Atten-
gl:gcrelesg Zha,king table tests by public Qfﬁcmls is
also important because they can have a direct per-
ception of the intensity of p0351_ble earthquake vi-
brations and of the effective resistance of properly
designed and constructed structural systems.

3 SHAKING TABLE DESIGN

3.1 Some remarks about seismic testing

The checking of safety against earthquake actions
envolves, as pointed out by Ferry Borges (1980),
some basic concepts: requiremen'ts_, _perfo_rmgx_mce
criteria, system behaviour, probabilistic reliability,
hazard scenarios and quality assurance. All these
concepts have some relevancy on the performance
of seismic testing and, hence, on the design of shak-
ing table facilities. Requirements spec1f¥ the_ con-
ditions that a system is expected to satisfy in ac-
cordance with its intended use; performance crite-
ria are statements about the required properties of
systems and components so that they will satisfy
their intended functions. Probabilistic reliability
may mean either the degree of rational belief or the
antecipated frequency of occurrence that the sys-
tem subjected to the actions due to its environment
and to its operation will satisfy its performance cri-

teria. Hazard scenarios are obtained from a refor-
mulation of the probabilistic reliability assessment,

this reformulation arising from the adoption of ap-
propriate inference principles. Quality assurance
refers to the "theory” justificating the operational
procedures responsible for carrying out the safety
checking.

The concepts underlying the safety checking pro-
cedures are all relevant to the design of shaking
table facilities. In effect, it is not possible to sepa-
rate the different components of a nonlinear prob-
lem without introducing errors. However for the
design of the shaking table the most important con-
cept is the hazard scenario one, because shaking
table testing should be considered as the materi-
alization of an hazard scenario (Jervis Pereira et
al., 1985). It may be noted that the optimization
of the quality assurance process itself requires that
the specification of seismic test procedures should
take into account the large uncertainties character-
istic of our knowledge about future seismic actions;
thus excessive precision should not be asked from
a seismic testing facility; however this should not
mean that it is not necessary to know accurately
what happens during a seismic test.

The materialization of an hazard scenario en-
volves two types of problems: i) the assurance that
the test specimen is supported during the test in
realist conditions; ii) the imposition of the desired
motion to the base of the test specimen. The first
problem envolves the stiffness of the shaking table;
the second the conception of the guiding and con-
trol systems. It is assurned that the models to be
tested will always large enough to be near the per-
formance limits of the shaking table, because the
reliability of the results from reinforced concrete
and masonry models do much increase when the
scale factor approaches unity.
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3.2 General considerations

The design of a three degrees of freedom shaking
table may be considered as composed of a "test-
ing platform”, a "guiding system” and "actuators”
(Emilio et al., 1986). The platform is a very stiff
structure to which the test specimen is fastened.
The guiding system task is to make sure that the
platform moves only along the required degrees-of-
freedom. The actuators are the active driving ele-
ments but, in some designs, they also fulfill guid-
ing functions. Perhaps the major problem in an
earthquake simulator is to ensure that the motion
of the shaking table presents the desired character-
istics despite the perturbating forces due to the test
specimen base reaction; a good discussion of the ca-
pacities and limitations of modern actuators may be
found in Kusner et al., 1992. This problem can be
dealt with in two ways: i) by generating a time his-
tory of acceleration with the desired characteristics
and then making the motion of the shaking table
to following closely this time history; ii) by specifi-
cating the earthquake motion by a spectrum, start
with a reasonable estimate of the signal input to
the actuators and work out iteratively sucessive cor-
rections, until sufficient approximation is achieved
(section 4). This second way is, in principle, only
applicable to linear systems; the first one must be
resorted to when there is significant non-linear be-
haviour and it implies a real time adaptive control
servosystem. Thus it is advisable that the guiding
system should decouple the shaking table degrees
of freedom (dofs) in order to facilitate the task of
the actuators driving systems. In effect if the ac-
tuators responsible for the vertical vibration have
also to cope with the overturning moments due to
horizontal accelerations, they will be subjected to
perturbating vertical forces (due to those overturn-
ing moments) that in general will be significantly
larger than the vertical forces needed to produce
the vertical motion, giving rise to difficult control
problems. These control problems can be avoided if
the translational and rotational dofs are decoupled
by a mechanical system which is a very favourable
situation from the viewpoint of the control. It is
considered that presently the control aspects are
the more delicate part of an earthquake simulator
(Carvalhal, 1987) and that much effort should be
dedicated to its minoration. In consequence, this
paper only discusses shaking table designs with un-
coupled dofs.

These designs may be classified as ”additive de-
signs”, i.e. those in which the desired number of
dofs are built sucessively through linear motion
mechanisms, or as "subtractive designs”, i.e. those
in which the unwanted dofs are eliminated through
suitable mechanisms. The designs will also be eval-
uated in regard to the possibility of eliminating the
vertical dof for the testing of very heavy models,
and will assume that the shaking table is to be
driven by four 400 mm stroke actuators, three with
a force capacity of 300 kN and one with a force
capacity of 1000 kN. Those actuators were a dona-
tion to LNEC from the British Government, under
a Technical Cooperation Program and their char-
acteristics were selected taking into consideration
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that they also would be used for static (repeated
loading) and pseudo-dynamic testing.

3.3 The "additive designs”

Two ”additive designs” were considered. In design
A the platform moves vertically with respect to a

structure which can move in the horizontal direc-
tions. In design B the platform moves horizontally

with respect to a structure which can move in the
vertical direction. In this section only the guiding
systems will be discussed; the platform design will
be discussed in the next section.

Figure 1 presents the mechanical layout of design
A. It consists of a very stiff square grid structure
suspended at the vertices by four 4.1 m long con-
necting rods. From near the vertices four stiff rods
rise like the edges of a pyramid having at the vertex
a massive structure housing the outer part of a jour-
nal bearing. The inner part of this bearing is part
of the rod connecting the piston rod of the verti-
cal actuator to the platform. The vertical actuator
is supported by the square grid structure through
the inner part of another journal bearing, whose
outer part is the vertex of an inverted pyramid-
like structure of four rods rigidly connected to the
platform. Thus vertical movement of the platform
is achieved. Platform rotation around the vertj-
cal axis defined by these two journal bearings is
restrained by a small system (not shown in the fig-
ure) comprising two cranks and a connecting rod.
A similar system is used to eliminate rotation of
the square grid structure. The horizontal motion
actuators are directly connected to the platform.
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Fig. 1 - Schematic representation of design A.

The main difficulty found in this design is how to
provide sufficient stiffness under the vertical actua-
tor, which actuates at the center of the square grid
structure. It was not sufficient to have its mem-
bers as truss girders, so four suspending rods (not
shown in the figure for the sake of clarity) coming
from near the higher journal bearing to near the
base of the actuator were considered. However this
solution would cause a very difficult access to the
vertical actuator. It should also be pointed out that
since the overturning moments due to horizontal ac-
celerations give rise to horizontal forces acting on
the journal bearings, this bearings have to be very



large. On the other hand, this kind of bearings
involves expensive technology manufacturmg, ;md
delicate and time-consuming mounting and align-
ment procedures.

When testing very heavy models the outer part of
the lower journal bearing could be fastened to the
square grid structure, to eliminate the vertical mo-
tion; when testing includes vertical movement, it is
possible to introduce air springs between the bear-
ing and the structure to support the d(_ead weight of
the model and platform, thus facilitating the func-
tion of the vertical actuator driving system.
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Fig. 2 - Schematic representation of design B.

Figure 2 presents the mechanical layout of design
B, which is not so heavier as design A. It consists
of a pyramid-like tubular structure moving along
the vertical direction and guided by hydrostatic pad
(plane) bearings at the base and the vertex, where
it is acted on by the vertical actuator.

Four of them are located at the vertex and eight
at the base, this last number being needed for elim-
inating rotations around the vertical axis. On the
four vertices of the base of the pyramid-like struc-
ture are linked four vertical connecting rods that
allow the horizontal motion of the platform, which
is driven directly by the horizontal actuators, as
in design A. The weight of the shaking table plus
model may be supported by air springs located at
the four vertices of the pyramid-like structure, di-
rectly below the connecting rods. Those springs
may be substituted by stiff blocks, to fasten the
pyramid-like structure to the foundation, eliminat-
ing vertical motion when testing heavy models. The
main problem with this design stems from the high
precision alignment of the twelve hydrostatic pad
bearings and also from the cost of the bearings
themselves.

3.4 The “subtractive design”

It was found that the subtractive design constitutes
a preferable alternative to the additive designs. In
Fhe subtractive design, the rotational dofs are elim-
inated by torque tube systems (figure 3), one for
each dof. This system is composed by a torsionally
very stiff torque tube (1200 mm diameter and 20
mm thickness for the torque tubes restraining ro-
tations caused by the overturning moments) which
can rotate around its center line and is supported

at both ends by two vertical supports (so called be-
cause they have mainly to resist vertical forces); at
each end, a crank links the torque tube to a stiff
connecting rod, which is also linked to the plat-
form. The two spherical swivels at each end of the
connecting rod allow horizontal motlon'of the _plat_:—
form. When the platform moves vertically, it ei-
ther pulls or pushes the connecting rods, then both
cranks rotate the same angular amount and so does
the torque tube; thus, no forces whatsoever arise.
But if there is an overturning moment and the plat-
form starts to rotate, then vertical movement in
opposed directions appears at the upper end pf the
connecting rods, which cause opposed rotation of
the cranks, only possible through torsional defor-
mation of the torque tube. Since the torque tube is
very stiff, a very large reaction force opposes a very
small platform rotation. To illustrate the efficiency
of these systems it may be mentioned that a 20 ton
model with a natural frequency of 10 Hz on an un-
deformable base will have a natural frequency of 7.4
Hz when supported by the shaking table. Further-

more all the main ” flexibjlities” that contribute to
test specimen base rotation about horizontal axis

are of the same order of magnitude. These flexibil-
ities are (Emilio et al. 1989):
1) the platform deformation (10 - 35%);
2) the axial deformation of the connecting rods
(20 - 30%);
3) the bending and shear deformation of the
crancks (13 - 20%);
4) the torsional deformation of the torque tube
(31 - 38%).

It should be mentioned that when control actua-
tor technology will be developed enough, it is pos-
sible to insert a short stroke actuator (i.e. a very
stiff actuator) in one connecting rod (or in the two
connecting rods to preserve symmetry) to eliminate
the flexibilities of the torque tube system.

LA

Fig. 3 - Schematic representation of a torque tube
system.
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It also shall be pointed out that the overall flex-
ibility of a torque tube system is smaller than the
flexibility of a pair of vertical actuators, unless the
actuators have a small stroke and a large piston
area; a small stroke poses obvious restrictions on
displacement requirements, which are unacceptable
in a shaking table for testing reinforced concrete
structures up to collapse, and a large piston area
implies huge oil flow, regarding velocity require-
ments, and thus quite expensive hydraulic power
supply.

On of the advantages of the torque tube system
is that it only involves articulated mechanisms, as
opposed to the other designs which have sliding
mechanisms. Experience have shown that sliding
mechanisms should be realigned after each heavy
test, which needs difficult and lengthy procedures.

Obviously a torque tube system only eliminates
rotations around an axis orthogonal to the torque
tube axis and paralel to the cranks direction; so,
two horizontal torque tube systems with horizon-
tal cranks are set under the platform, in mutually
orthogonal directions, to eliminate rotations about
horizontal axes. A third horizontal torque tube sys-
tem, with vertical cranks, is located on the side
of the platform to eliminate rotations about the

vertical axis and since the torsional moments are
much smaller than the overturning moments, this

last tube system is not so large as the other two.
The arrangement of the three torque tube systems
is shown in figure 4. Between the underside of the
cranks and the base, can be mounted either pas-
sive hydraulic actuators to cope with the weight of
the shaking table and of the test specimen, or rigid
blocks to fasten the cranks to the base, thus elimi-
nating vertical motion of the table; the purpose of
this last option is to enable performing the testing
of heavy models (>400 kN).

large beams

%mmzzzz

large walls suspending
cables
= B
= =)
pre::_g;cassed =S B prestressed
E= E= ring
[ 1
NN
H shaking
table

Fig. 4 - The shaking table building
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3.5 The shaking table building

The effective capacities of an earthquake simulator
do not depend only of the type of shaking table but
are also dependent from the characteristics of the
building where it is installed. In the case of the
LNEC triaxial shaking table the building and the
table were conceived as a single integrated system
to test up to collapse heavy models (200-300 kN).
This system was designed to optimize the ”test cy-
cle” which comprises the construction of the model,
its colocation over the shaking table and instrumen-
tation, its vibration test and its removal.

The special structure around the shaking ta-
ble is composed by a multi-cellular reinforced con-
crete structure (figure 4) connecting a 2m-thick pre-
stressed reinforced concrete slab (which supports
the vertical actuator and the two torque tube sys-
tems that eliminate rotations around horixontal
axis) with the prestressed ring which supports all
the horizontal actuators and the small torque tube
systems that eliminate rotations around a vertical
axis. Over the prestressed ring there are three re-
inforced concrete walls with a shallow U-section,
which will be used as support for measuring dis-
placements; they can also be used as “reaction
walls” for small forces (up to 50 kN). Those walls
are continued over the roof by 3.30 m high 0.6 m
thick beams which meet over the shaking table;
there are 8 fixation points with an individual ca-
pacity of 200 kN and a total capacity of 800 kN.
From those fixation points will hang the suspend-
ing cables that will sustain the more heavy elements
of the model after the collapse.

The removal of a collapsed model from the shak-
ing table a critical phase of the testing cycle. For
that purpose the overhead travelling crane will be
stationed over the model during the test and a sec-
ond set of suspending cables will connect the heavy
parts of the model to the crane hooks; those cables
will be more loose than those going from the model
to the roof beams. After the collapse of the model,
the hoisting of the hooks will transfer the weight of
the broken model from the roof suspending cables
to the crane suspending cables. At that point, the

roof cables will be disconnected from their fixation
points; for that purpose there is a special work plat-

form on the crane. To protect that platform from
the roof cables if the collapse of the model is asso-
ciated to large horizontal displacements, twelve 200
kN fixation points are disposed on the three large
walls and another four points are provided in the
floor of the testing hall in the direction where there
is no wall.

4 THE ADAPTIVE CONTROL SYSTEM

4.1 General characteristics

A self-tuning control system (e.g. Wellstead and
Zarrop, 1991) as been developed for the uniaxial
horizontal and vertical shaking tables (Carvalhal,
1979; Jervis Pereira and Carvalhal, 1984). Because
of the decoupling of the dof in the triaxial plat-
form, this control system, in triplicate, will also be
used in that platform. The system output to the



shaking table is 2 voltage signal which is fed into
the servo-actuator and the usual input is the ac-
celeration time history of the shaking table. The
main task of the control system is to generate an
adequate output in order that the §h§.k1ng table re-
sponse has the required characteristics, regardless
of the perturbation due to the reaction forces of the
specimen being tested. The control system‘workf
in an iterative manner on a ”performance index
which is evaluated from the shaking table accelera-
tions, that may be either the response spectrum or
an estimate of the power spectrum.

The control algorithm has three stages: estima-
tor, decision and test signal synthesizer. In the
estimator stage either the response spectrum or
the power spectrum are computed. In the decision
stage the computed spectrum is compared with the
desired spectrum and the necessary corrections are
evaluated. In the synthesizer stage a new output
to the servo-actuator is constructed. However, be-
fore the control algorithm can operate, the actual
motion (of duration T) of the shaking table must
be discretized with a At sampling interval by an
analog-digital converter into a time series of ac-
celeration an,; (m = 0,..N — 1;N = T/At) and
the index 7 indicates iteration cycle. At the end of
operation of the control algorithm a digital-analog
converter transforms a time series of displacements
Umis1 (m = 0,...N — 1) into the voltage signal for
the servo actuator.

Only a sketchy description of this control sys-
tem is appropriate for the present paper; full de-

tails are to be found in the references above. It
should be noted that this control system allows con-

ducting the shaking table tests without knowing,
in an explicit way, the dynamic characteristics of
the model, due to the existence of an implicit non-
parametric identification of those dynamics in the
decision stage.

4.2 Power spectrum control

When the performance index is the power spec-
trum, the estimator stage consists in the ”deter-
{)mnamon” of the obtained power spectrum S,(f;)
Y

Sa:(fe) =| Ci(fi) P /T (1)

where C;(fi) is the Fourier coefficient at the dis-
crete frequency f, = k/NAt computed by the FFT
technique from the a,p,;.

. The decision stage algorithm consists in comput-
Ing 2 new power spectrum Sy;41(fe) for the output
signal ¥m;;) by the expression:

Sui+1(fe) = Sui(fe)Sr (f2)/Sai(fe) (2)
where S, is the desired (reference) acceleration
power spectrum and S,; is the spectrum for out-
put signal u,;. This algorithm assumes linearity
of the model and of the hydraulic, mechanical and
electrical systems involved and absence of noise.
In the test signal synthesizer stage, a pseudo-

random time series U, is generated by the j
discrete FFT: mrt g Y the inverse
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(3)

N-1
k=0

V/Suir1(fe) gi(mkm/N+4x)
where ¢, are randomized phase values which are
assigned at the begining of the test and are not
changed from cycle to cycle.

Umi+l = 71; z

4.3 Response spectrum control

When the performance index is the response spec-
trum (for a given damping ¢), the estimator stage
consists in the determination, by the usual tech-
niques, of the response spectrum R(f]) at 1/3 of
octave discrete frequencies f7.

The decision stage algorithm is based in the cor-
respondence between a power spectrum and a re-
sponse spectrum (Jervis Pereira et al., 1977). This
correspondence identificates the response spectrum
value with the 50% fractile Fps of the probability
distribution of the peak response of the oscilator
which can be estimated by the following expres-
sion, assuming a Cramér distribution (Cramér and
Leadbetter, 1967):

Fos(f{) = /20*(f{)In(f{T) - In(in(1/0.5))) (4)

where o?(f7) is the variance of the oscillator res-
ponse:

a*(ff) = $ it (5)
where H, and G are the transfer functions of the

l-th oscillator and of the controlled system. The
oscillator transfer function may be simulated by:

| Hi(fe) Pl G(fe) [* Sui(fi)

Hi(fi)=1 felfi <1—¢
H(fe)=1/2¢ 1-¢<fi/ff <l+¢
H(fi)=0 1+¢<  fi/f] (6)

Let m(l) and n(l) be indicators defined by
fe<(U=of (7)
fe<@+ff (8)

Then, substituting H; by H{ in expression 5 the
following result is obtained:

o} (ff) =~(f) + o7 | Gi [} Su(fmy)

m(l) = maz(k)

n(l) = maz(k)

(9)
where

V() = (1 G(o) [* Sui(0))+
+2 TR0 G I Suilfe) + (
(L= f7 = Fm@)) | C(fmpy) 12

S

2

%)

wi (fm() (10)

accounts for the spectral contribution that is not
amplified by the dynamic response of the oscilla-
tor and | Gy |* is the controlled system ” averaged”
transfer function:



n(l)-1

|G |’= E.T.-Ulm(zhmum [ G(fe) I? Sui(fe)+
+(1.5+m(l) = (1= )T ) | G(fm@y) I* Sui(fmpy) +
+(15+¢()+ (1+6)T ) [ G(fay) |* Sui(faqy)) (11)

Once those approximations are accepted the deci-
sion stage algorithm is represented by the following
expression:

Suiv1(fi) = Sui(fa)ri (12)
RE(fpx))—4*
= B (13)

s* = 29(fi)in( £ T +0.37) (14)

where R, is the desired (reference) response spec-
trum and p(k) is an indicator defined by {p(k) :
e, | foy — Fr |S1 7 = fe |}

The test signal synthesizer stage is identical to
the simillar stage of the procedure with the power
spectrum as performance index (expression 3).

4.4 Control efficacy

The experience with those control systems have
shown that they work reasonably well when the
test specimen does not go beyond the elastic limit
(Jervis Pereira and Carvalhal, 1984; Vieira Pinto
et al. 1987). Recent experiences have shown that,
after an in-depth development work (Carvalhal and
Oliveira Costa, 1988), the power spectrum control
system could work "unexpectedly” well in masonry
infilled reinforced concrete frame models.

5 DEVELOPMENTS IN
SHAKING TABLE TESTING

The limitations of the existing shaking tables and
the scale distorsions between reality and model of
masonry and reinforced concrete structures make
advisable the development of new methods to ex-
plore the "information” given by a single or a small
number of shaking table tests. It seems safe to an-
tecipate that those developments will be based on
an explicit-numerical representation of the states of
knowledge (see e.g. Klir, 1988 for a global presen-
tation and Toussi and Yao, 1982 for an application
to earthquake engineering). Another promising de-
velopment are methodologies to integrate observa-
tional and numerical methods (Esteva, 1990). In

this sectjon is }llusj:rated the use of numerical anal-
ysis in the evaluation of testing strategies in terms

of the information to be obtained.

5.1 Definition of the model

Consider a model é’f g geinforced concrete four-
storey structure infilled by masonry panels, con-

stituted by three two-bay-frames in each direction.
The principal characteristics of this structure where
inspired in buildings used in parametric studies

some years ago (Carvalho and Coelho, 1984) which
have been the basis for different types of studies
(e.g. Campos-Costa, 1990; Costa and Oliveira,
1990; Pipa and Carvalho, 1990). This model must
be at 1:2 scale (v = 0.5) due to the limitations of
the triaxial shaking table; the weight of the model is
220 kN while the weight of the archetype is 2640 kN,
thus the mass scale is u = 1/12. The scale of forces
¢ = 1:4 is defined by the requirement that stresses
are equal in model and archetype. From u and ¢
follows that the scale of accelerations is a = 3 : 1;
from & and « the value of the time scaler =1 : /6

is determined. In order that the same normaljzed
axial force exists in model and archetype, each floor

of the model must have a vertical pre-stressing of
605 kN. The general characteristics of the model
are presented in figure 5.
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Fig. 5 - General characteristics of a 1:2 scale
model

5.2 Numerical analysis

The physical model to be tested on the shaking
table was idealized by a computer model with 6
degrees of freedom per node and spatial beam el-

ements. Post-elastic behayiour is assumed to take
place in plastic hinges at the top and bottom of the

columns of the first storey; this assumption ideal-
izes the typical behaviour of masonry infilled struc-
tures which consists in the breakage of the masonry
panels in the first storey; after this breakage the
columns are not resistant enough to transmit the
earthquake forces needed to break the masonry in
the upper storeys; this behaviour has been iden-
tified in real earthquakes (Duarte, 1981), in sha-
king table tests (Ravara, Mayorga and Carvalho,
1977) and in computer analysis (Campos-Costa and
Duarte, 1990).

The moment-rotation loops in the plastic hinges
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PROBABILITIES OF FAILURE COMPUTED USING DIFFERENT K

NEW MODELS SAME MODEL
FOR DIFFERENT TESTED SEVERAL TIMES
INTENSITIES (CONSECUTIVELY)
K — MULTIPLICATION
FACTOR FOR INCREA— 1.18 .18 141 1.8 2.00 282 4.00
SING INTENSITIES 1 ) 1 R 1 1

~1
10

PROBABILITY OF FAILURE
(CONFIDENCE INTERVAL AND EXPECTED VALUE)
=
T

Fig. 6 - Probabilities of failure obtained by testing with a geometric progression of intensities with

common ratio K

are represented by a fibre model (Vaz, 1992) which
discretizes the beam section in a large number of

concrete ”filaments” and considers each one of the
stee] bars. The response is computed step-by-step

with the Newmark method.

An important advantage of performing numeri-
cal simulations before the model is constructed is
that the largest model size that do not exceed (with
reasonable reliability) the capacities of the shaking
table may be determined.

5.3 Testing strategy

The principal characteristic of collapse testing is
that each model can be tested only once. Given
this unavoidable fact it is worthwhile to develop
testing strategies that optimize the ”information”
that is obtained from the test. Such information
may be represented under the form of the 90%

confidence interval and the expected value of the
probability of failure evaluated by bayesian meth-
ods (Duarte et al., 1990; Ritto-Corréa and Duarte,
1992). Those methods were developed for a sit-
uation in which probability of unrepaired damage
from a small earthquake is small compared with the
probability of a large earthquake. Thus the "errors”
given by this method are a measure of the difference
in action effects between a single earthquake and
a succession of increasing amplitude earthquakes.
The development of bayesian methods to optimize
the information obtainable from a given testing
strategy is in progress. A possible testing strat-
egy is to start with a low intensity vibration on
the shaking table and then increase, by a factor K,
the intensity until collapse takes place. The prob-

lem with this strategy is that if K is small, damage
from the previous tests "apparently” reduces the
resistance of the model; if K is large the "true”
collapse intensity may be affected by a large uncer-
tainty, if one test causes only small damages in the
model and the next test causes a very fast collapse.
Numerical simulations of this testing strategy are
presented in figure 6. For comparison purposes the
results that would be obtained by using a small K

! and_a new model in each test are shown on the
left. The uncertainties in this case are mainly the

result of the randomness of the "resistances” of the
model and of the fact that only one earthquake time

history is used. The results show that when K is
small there is a_substantial reduction in the esti-
mate of the probability of failure, due to damage
from lower intensity tests, and a significant reduc-
tion in the estimate of the confidence interval, due
to the "information” given by a large number of
tests. When K is large there is a good estimate of
the probability of failure but there is an increase

in the cor%ﬁdence interval due to a decrease in the
number of tests; when K is too large, accuracy is

lost in the evaluation of the probability of failure
and of the confidence interval.
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