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SUMMARY

Although the pseudo-dynamic test is an efficient hybrid testing method to ex-
amine dynamic properties of structures subjected to random excitations, various
errors induced during the testing process propagate and exert a significant influ-

ence on responses of structures. Thus, reliable responses may not be often ob-
ained. It is especially true in the case of multi-degrees of freedom systems. The
purposes of this paper are as follows. 1)Generation mechanisms of errors are ex-
perimentally studied and mathematically modeled. 2)Error propagation properties

of multi-degrees of freedom systems are studied numerically. And, 3)identification
and compensation methods of errors are proposed, and their validity is verified.

INTRODUCTION

The pseudo-dynamic test is the hybrid testing method which is composed of the
quasi-static testing and computational processes. Responses of structures are
simulated inside the computer by means of a numerical integration method on the
basis of measured restoring forces of structures. For this reason, various errors
induced in the testing process propagate in the computational process and exert a
significant influence on responses. Therefore, one of the important subjects in
the pseudo-dynamic test is how to enhance reliability of test results. The errors
are roughly classified into systematically generating errors (referred to as " the
systematic errors”) and randomly generating errors (referred to as “the random
errors”) (Ref.1). In an actual test, the errors would be generated in a combined
state of various errors. However, it has been confirmed that the systematic errors
with energy effect are dominant in the existing testing systems (Ref.2). In order
to cope with some systematic errors, several error compensation methods have been
proposed so far (Refs.l and 2). Of course, these methods work reasonably well in
some cases. However, it seems that their applicabilities are limited to some spe-
cific cases. In this paper, the authors propose the identification and compen-
sation methods of systematic errors, including the control displacement and
frictional errors.

EXPERIMENTAL ERRORS

The experimental errors are included in the measured restoring forces of
structures. Thus, the equation of motion can be written as follovs

[n) {x} + [e] {x} + {r°} = {f} (D

IV-59



where, {r¢} = {r} + {e"} ., and [m] and [c] are the mass and damping matrices,
{x} and {x} the vectors of acceleration and velocity, {f} the vector of external
excitation, {r®} and {r} the vectors of measured and actual restoring forces and
{ef} the vector of error force due to such errors as the control displacement or
frictional errors. In this section, the experimental errors of the pseudo-dynamic
testing system of Nihon University are experimentally extracted. The loading appa-

ratus is shown in Fig.1 (Ref. 3). The pseudo-dynamic tests on the elastic single-
degree of freedom system were carried out. The structural model and input exci-
tation are described in the reference 3. The control displacement or frictional

errors shall be evaluated by the following equation.

ed= (dc—da) /Sgn (4de) or ef= (tn—ke-da) /sgn (4de) (2)
where, e and e’ indicate the control displacement and frictional errors, dec and
da the controled and assigned displacements, rm the measured restoring force and
ke the elastic stiffness. Figures 2.a and 2.b show the histograms of the control
displacement and frictional errors. Both errors are scattering around their mean
values and their distributions are relatively close to the Gaussian distribution.
For the control displacement errors, the mean value m and standard deviation o
are m = - 0.00229 mm and o = 0.00119 mm. Thus, the control displacement errors
are the undershoot errors. For the frictional errors, m = 25 kgf and o = 24 kgf.
It is seen that the errors generated in this sysyem include both control displace-
ment and frctional errors. Figure 3 shows the comparison between the time histo-
ries of response displacements by the pseudo-dynamic test and the response analy-
sis. The test results are gradually deterioating with time. This means that the
frictional error has the energy dissipating effect and is dominant in this system.
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MATHEMATICAL MODEL OF SYSTEMATIC ERRORS

As stated before, the experimental errors such as the control displacement
and frictional errors are included in the restoring forces of structures measured
by the load cell installed in the actuator. Thus, the generation mechanisms of
these errors depend on the moving direction of the actuator with respect to the
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absolute coordinate system. Note that the absolute coordinate system in this paper
has the reference point at the base support. In this section,the generation mecha-
nisms of the errors are mathematically modeled by paying attention to the mean
values of the errors.

Mathematical Model for Control Displacement Errors Now, letting the vector of
error forces corresponding to the vector of control displacement errors, {e’;} a ,
be {e"i} a, then {e?"i} can be defined as follows.

{edi} a= [kt] a [TSi] a {e%i} a (3)

where, Si=sgn (4d;) , and [kt] indicates the tangential stiffness matrix, [TSi.]
the diagonal matrix and 4d; the incremental displacement. The subscripts A and i
and the superscripts d and dr mean the absolute coordinate system, position of
masses, displacement and restoring force, respectively.

Mathematical Model for Frictional Errors Now, letting the vector of frictional
forces for each story be {e';} r , then the vector of error forces {e"i} a can
be written as.

{e"i} a= [T) [ S; 1 r {efi} & (4)

vhere, {r} a= [T] {r} &, S; = sgn(4di-4di-1), and {r} indicates the vector of
restoring force, [T] the transformation matrix and the subsript R and j and super-
script r mean the relative coordinate system, storey number and restoring force
respectively. Note that the component of {ef;} r has a positive constant value.

IDENTIFICATION AND COMPENSATION METHODS OF ERRORS

The equation of motion for elastic multi-degrees of freedom systems can be
expressed by Bq. (1) if {r} is replaced wiyt [ke] {x} . Where, [ke] indicates
the elastic stiffness matrix of system and {x} the displacement vector. At first,
apply the principle of energy conservation to Eq. (1) and then transform this
equation to the equation of modal energy. Since the principle of energy conser-
vation holds for all modes, a set of independent energy equation can be obtained
as follows.

(1/2) MaX2n+ § §Cnk2ndt+ (1/2) KaX2n+ S 3Xa {Sa} T (e") dt= — § EMuXuB nagdt
Mo= {$a}l T [n] {én}, Co= {Sn} T[c] {dn}, Kan= {&bn} T [kel {dn} (5)

vhere, Xn and Xn indicate the velocity and displacement in the normalized coordi-
nate, { @ n} the eigenvector, Bm the participation factor and ag the ground accel-

eration. The subscrpit m means the mode number. In Eq. (5), when the control dis-
placement errors are considered, Eq.(3) is substituted for {ef} , and when the
frictional errors are considered, Eq. (4) is substituted for {e’} . Arranging Eq
(5), the {eY} a can be derived as follows.

{e?} a= [A] - {b} (6)
in which, {A1} 7 {b} T = {bi, =+, bn}

(Al = | : .

{An} T {An} T= {on} T [ke] nfBXm [TSi<] adt

bm= — (1/2) meam_ IBCmXZmdt— (1/2) Kmxam— f BMmeﬁ magdt
Similarly, {ef} r can be derived from Eq. (5). Consequently, the errors can be
identified by conducting the error sampling test within the elastic range. The

pseudo-dynamic test is proceeded while correcting the measured restoring forces

ERROR PROPERGATION PROPERTIES AND VERIFICATION OF ERROR COMPENSATION METHOD

Error Propagation Properties In order to investigate error propagation properties

IV-61



, the numerical experiments by the Newmark explicit method were carried out on the
two-degrees of freedom systems with the elastic or elasto-plastic hysteretic char-
acteristics. The dimension of structural models and input excitations are listed
in Table 1. The control displacement error,e®, or frictional errors,ef, was gener-
ated on the basis of the following equation

e=m+30R )

where, m and ¢ mean the mean value and standard deviation of control displacement
or frictional errors and R the random number to be generated in accordance with
the Gaussian probability distribution ranging frm - 1 to + 1. The results shall be
evaluated on the basis of the amplitude of response displacement errors, A®¢ , or
response acceleration errors, A®s , defined by Eq. (8).

A%a= (d®—d?) / { | d®max | sgn (d®) } ,A%a= (a®*—2a?) / { | a%nax | sgn (a?) } (8)

where, d®, d®max, 3% and a®max indicate the response and maximum displacements and
response and maximum accelerations without including errors and d°® and a® the re-
sponse displacements and accelerations including errors. At first, error propa-
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gation properties shall be studied by using the structural model of Type I and
external excitation of Input I. Figures 4(a), (b) and (c) show the comparison be-
tween the histograms of A®¢ at the mass 1 when (a) the undershoot errors, (b) the
overshoot errors and (c¢) the frictional errors are generated at each mass. Figure
5 shows the comparison between the fourier spectra of response displacements at
the mass 1 for both cases in which no errors and the undershoot errors are gener-
ated. In the next place, error propergation properties shall be studied for two
kinds of structural models of Type I and O with different stiffnesses ; natural
periods, under the external excitation of Input I. Figures 6(a) and (b) show the
comparison between the histograms of A®4 at the mass 1 when (a) the undershoot
errors (b)the overshoot errors and (c)the frictional errors are generated. Finally
, propagation propertiesof the undershoot errors shall be studied when the elasto-
plastic structural model of Type I is subjected to the different level of ex-
ternal excitations ; Input Dor II. Note that Input I corresponds to the exci-
tation which causes the maximum response displacement equivalent to the ductility
factor of # = 1.2 and Input II corresponds to the excitation of p = 2.5. Figure
T shows the comparison between the histograms of A®¢ at the mass 1. The following
facts on error propagation properties were clarified.
1)The systematic errors have the energy effect and are classified into the source
which leads to erroneous growth of responses and the source which dissipates re-
sponses. Especially, the energy adding type error stimulates higher modes of
multi-degrees of freedom system. Thus, the error propagation properties vary
depending upon the error sources.
2)The propagation properties of the control displacement errors are very sensitive
to the stiffness of system; the natural period of system. Furthermore, the error
propagation properties in elasto-plastic systems also depend on the level of
external excitations ; the amount of plastic deformation of system.
8)Although the systematic errors are generated with deviating distributions, the
error propagation properties essentially depend on whether the mean value of
errors is the undershoot or overshoot and the effect of deviations on responses

is relatively small.
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Yerification of Error Compensation Method In this section, validity of the com-

pensation method for the systematic errors is verified. First, the numerical ex-
periment on the structural model of Type I subjected to Input I was carried out.
In this case, the undershoot errors are generated at each mass. Figure 8 shows
the time histories of response accelerations. In the next place, the pseudo-
dynamic tests on the single-degree of freedom system were carried out. The

dimension of structural model and input excitation are described 1in the reference
3. Figures 9 shows the time histories of response displacements. A sufficient com-
pensation effect is observed for both cases.
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CONCLUSIONS

The following facts were clarified through this research work.
1)The generation mechanisms of the control displacement and frictional errors were
clarified experimentally and mathematically modeled
2)The propagation properties of the systematic errors were numerically studied and
the effect of the errors on responses vere clarified.
3)The identification and compensation methods of the errors proposed by the
authors were very efficient even for multi-degrees of freedom systems.
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