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ABSTRACT

The pseudo-dynamic st:uctural testing method is a newly
developed experimental techniques to simulate ‘the earthgquake
response of structures withouﬁ using the conventional shake
table. This'report describes a study progrém in cooperation with
Lehigh University to build a pseudo-dynamic structural testing
systgm. The reliability of the pseudo—dynamic s#rgctgral.test;ng
system dépends greatly on the équipmentused. In the past, D/A,
A/D  and ‘sarﬁo controller are the essential éduipment for the.
pseudo—dynamic testing, and lots of experimental error arose from
| these devices. In this report, the digital controlled servo valve
is utili;ad in the pse;do~dyﬁamic structural testing for the

first +time. The performance of this digital system is examined

and suggestions are made.
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1. INTRODUCTION

1.1 General

In the seismic resistant design of structures, safety and
economy are two aspects neéded to be compromised with each othér.
Due to thé economy consideration, most. current design
specéfications allow structures to behave inelastically dgring
mdderaté to strong earthguake. However, the catastrophic collapse
is = always pfohibited even under strong earthquéke. Many
?esearchers have engaged in the investigation of the behavior of
structures under stréng earthquake ground motion. In general,
their research techniq;es can be classified into two groups:
namély,' the analytical research and experimental fesearch. Since
seismic behavior of structure is éo complicated that it is wvery
difficult, if not impossible, to find a closed form solution,
numerical procedures (Suéh‘as finite element method) are always
utilized in the analytical study. A hysteretic model of
structural elements need to be presumed in order to carry’out the
analysis. However; the hysteresis behavior of +the structure
depends greatly on maéerial typés, structura} typeé and loading
history. Although many researchers have investigated the

hysteretic ‘behavior ‘of structural elements and several different

models have been suggested, yet, there is no general accepted

model available.
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Since the analytical research for the seismic behavior of
structure has some drawbacks and 1imitation$, another promiging
way to study this problem is the experimental research. Depending
on the loading rate, the experimental research work can be
classified as static type and dynamic type. In the static type,
the loading are either monotonic increasiné or predetermined
cyclic load. It is e;s%g;vand inexpensive to carry out a static
type experiment. However, this may not be‘abie to capture the
complicated behavior of structural elements or structures gnd@r
strong earthguake ground excitat;on. From this point of viéw, one
would agree that the dynamic type loading by using shake table is
the most convinping wa;Vto étﬁay the structural behavior under
seismic load. Unfortunately, building a large shake table which
is able to carry the full scale structure is extremely costly and
impracfical. In fact, the majority of shake tables used are about
3 to 6 meters in plane dimensions and with capacities of about 20
tons to 50 tons only. Obviously, this kind of shake table is
suitable for small scaie structures only and may introduce

another uncertainty between small scale and real scale

structures.

From above, it ‘can be concluded that both static type and
dynamic type experimental method are not adeguate for the study
of the seismic behavior of structures. Besides these classical

methods, the newly developed pseudo-dynamic structural testing
5
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.methad (or so called as computer on line testing) may serve as a

promising alternative.

1.2 Pseudo-Dynamic Structural TeSting

In 1969, Professor'Hakuno of Tokyo University used a digital
computg;»#o control the actuatgr in the study of a single degree
of freedom cantilever beam under seismic 1oading [1]. This is the
first experiment by using pseudo-dynamic technigque. Although
Professor Hakuné’s tasting wés notl successful due to the
limitation of the capacity of the compﬁter and the accuracy of
thé expérimental devi;es, his concept of éombining the
analytical and experimenfal wﬁrk is the érigin of the pseudo-
dynamic structural testing method. Professor Takanishi applied
this technigue in the stuéy of a one story steel frame and good
results was reported r2j. Since +then the pseudo-dynamic
structural tesfing method has become one of the major techniques

in earthquake engineering research and many institutions have

built this kind of systems.

The bésic éoncept of pseudo-dynamic structural testing method
can be viewed és a hybrid method which combines both analytical
and experimental work. The pehavior of structures under seismic
loading can be modeled mathematically by using the equation of

motion. There is no difficulty in solving this mathematical

6



" e,

aE

equation : axceﬁt that = the restoring forca needed to be
predetermined, which is not a easy task -especially when the
structure has been loaded into inelastic range. In pseudo-
dynamic tgsting method, this restoring force is measured from the
load cell or strain gages during structural testing and its valué
ig sent back to the computer through an A/D (analog to digital)
converter. Then the magnitude of the disp}aegment of paxt étep is
calculated  insida the computer and this displacement signal is
again sent to the actuator from the computer thrqugh a D/A
(digital to analog) converter and servo controller. By repeating
this closed loop, the behavior of the testing structure under

earthquake ground excitation can be simulated.

The pseudo-dynamic structural testing method can be explained
by using a flow chart (Fig. 1). The equation of motion can be

written in the following form:

A + CXn R T - i f1g Ko

e

in which E,is the mass of the tested structure, ¢ is the damping

coefficient, En' is the structural restoring force, goniS' the

ground excitation, Xn is the displacement of the structure.

If the central difference method (CDM) is utilized as the

integration scheme for the equation of motion, then
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Substitute the above two equations into equation of motion, then

the displacement of next time step can be stated as:

2.0 ?Q—f(o.SA-&#g P-’?)(Z{”““)«Af’-(f* e .X-M)

M + o5 p0t+ S

. 7<M) -
L ™)

T+ should be noted that at time step n the right hand side of the

above equation are already known, in which the wvalue Ft is the
L ¥

reacting force at time t measured from the ivad cell of the

actuator and is fed back to the computer yia a A/D converter.

From the above equation,wthe displacement at next time sfep (n+1)
can be calcﬁiated withoﬁt difficulty. The displacement'x(n+1) is
then transmitted +to the actuator via a D/A conﬁertér. By

repeating this procedure it is possible to study the structural

behavior under ground excitation.



2. .TEST SET-UP

2.1 General

The theory involved in the pseudo~dynamic structural testing
method is quite simple. However, the reliability of pseudo-
dynamip testing method highly depends on the hardware used. In
fagt, due ;bhardware limitation, Professor Hakuno was not able
to carry out his testing successfully -- although he had the
original idea of pseudo-dynamic testing. With the advance of
modern technology on computer and tésting equipment, the pseudo-
dynamic testing method has becéme much eé$ier and more relisble
then before. For exampl;, with the introduction of magnetic type
displacament trgnsducer (digital type), the feedback accuracy can
be as high as 0.0001 mm and tﬂis has been used almost as a
standard egquipment for pséudo~dynamic testing. Howevér, there is
not much progress on the control technique for actuator.
Professor Takanashi used a‘NC servo motor instead of hydraulic
actuator in prder to achiéve better reliability of the control of

the movement of actuators [3]. Gocd results has been reported

from his study, vyet, his testing is performed on a small scale

machine.

Recently, the digital servo valve has been developed [4].
With this new type of servo valve, one is able to communicate

with +the actuator easily and the accuracy can be improved.

9
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Besides, all the information during the control action can be
recorded into the floppy disk or hard disk éasily. Surprisingly,

the digital controlled actuator system is much less expensive

' then the conventional machine. However, there is no application

example has been carried out in the pseudo-dynamic structural
testing by using digital controlled actuators. It is for this
reason that a simple test is carried out in order to study the

applicability of this new type of actuator in the pseudo-dynamic

testing. Fig. 2 shows the overall test set-ups for the purpose of

calibrating the new system.

il

.2.2 Specimen and Material Properties

A cantilever column is selected as the testing structure for
the calibration of the pseudo-dynamic structural testing system.
This is dué to the cantilever column is easier in the
fabrication, erection, and also provide encugh flexibility
during test. A WéX4O steel column with a total length of 8 feet
was used as the testing specimen. The material used is A36 steel.
The actuator acts at a height of 7 feet which would result =a
maximum load on the specimen of about 20 kips. This leoad is about

one tenth of the capacity of the actuator (Fig. 2).

Six  tension coupons were tested according to ASTM
specification (Fig. 3). Fig.3 also shows a typical stress strain

curve from the coupon test. The average yilelding stress is 38.88

10
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ksi- which is about 8 percent higher then the book value.

2.3 Testing Eguipment
The equipment used for the pseudo-dynamic testing can be
classified as two major parts, namely: displacement (or load)

control and data acquisition. The items of the hardware used are

as following:

a. Actuator:

Ten inches bore jack made by Airline Hydraulic, with a

Digital Closed Loop servo valve made by Vicker. The

maximum capacity is 230 kips.

b. Feed Back Displacement Transducer:

Ten inches Temposonic LVDT made by MTS with a

resolution of 0.0001 inch.

c. Loading Measurement:

Full bridged strain gages on the steel column and

displayed by a B&F strain indicator.

d. Rotation Gage:

Tilt rotational gage with resolution of 0.0l degree.

11



e. Control and Calculation:
PC AT for control of actuator.

PC XT for integration of equation of motion.

2.4 Calibration of Loading Measurement Device
Two full bridged strain gage groups were used for the
measurement of loading (Fig.4). The strain gage readingé are
calibrated ‘against. a load cell. (The load cell has been
calibrated.) The calibration result is shown in Fig. 5. The
average calibration factor 4is 0.014583 for channel O and
‘ -3 :
4.7893X10 for channel 1. Channel 0 is selected for loading

measurement during the pseudo~dynamic testing to avoid any

premature .yielding due to residual stress from the manufacture of

the specimen.

12
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3.  PSEUDO-DYNAMIC STRUCTURAL TESTING OF A SINGLE DEGREE OF

FREEDOM SYSTEM

3.1 Initial Stiffness Test

The initial stiffness test .is performed first with the

testing results as follows:

Load: 10.08 Kips
Displacement: 0.3528 inches
Initial Stiffness: 10.08/0.3528 = 30.94 kip/inch
The initial stiffness from theory of strength of.material can

be calcuiated as following:

Length : 72 inches
Young's Modulus: 29000 ksi
Moment of Inertia: 146 inch
-2

Displacement due to Bending and Shear = 3.193 X 10

inch/kip

Initial Stiffness = 31.32 kip/inch

The comparison of measured stiffness and calculated stiffness is
30.94 / 31.32 = 0.988

which is less than 2 percent difference.

13
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3.2 Pseudo»ﬁynamﬁc Structural Testing

- The control algorithm of the pseudo-dynamic structural
testing is shown is Fig. 1. . A computer program by using Basic
language is developed for this purpose. In the calculation of
displacement, the central difference method (CDM) is used for the
integration of equation of motion. A 2 percent_ofﬁvisoous ﬁamping
is assumed ° for the testing specimen and a lumped mass of 0.31
kip-sec-sec/inch is assumed at the locatior of 72 inches from the
base plate. Part of the ground accéleration record from Taft
Earthquake, California, 1952 is selected for ground excitation

cw

input (Fig.6). The time increment for each step is 0.02 second.

Due to time restrain, only 1.30 second are tested. Fig.7 shows

parg of the testing .recqrd. .Fig.s and Fig. 9 show the
digplacement résponse and the fbrca—displacement relationship,
respectively. Frém _these figures, it can be found that during
elastic response (t¥d.0 to 0.38) the testing results agree very
well with the analytical results. From the p;évious experience of
pseudo-dynamic structural testing, it has been found'that, the

testing results in the inelastic range is always better than

" elastic range. This is simply because the displacement control is

easier in the inelastic range. Since the results in the elastic
cycles are in good agreement with theory, it can be assumed that

the results in the inelastic range should be as good.

14
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4. SUMMARY AND SUGGESTIONS

a. The results from experimental study agrees very well with

the analytical study. The difference is less than 5 percent.

b. The actuator system with digital servo valve is very handy

for -the control in the pseudo-dynamic structural testing.

c. The - success of any pseudo-dynamic structural testing
system relies highly on the performance of the feedback system.
The magnetic type displacement transducer should be used for the

feed back systam.

4d. Due to possible movement on the actuator itself, the feed
back measurement device should be directly mount on the - testing

structure instead of on the head'of the jack.

e. The control software depends greatly on the hardware used.
Since the research work are almost one of the kind, it is
suggested to develop ones own software program. The black-box

type software program provided by the vendor may not suitable for

the research institution.

£. It is suggested to use a master computer and several glave

computers for a pseudo-dynamic structural testing sysfem. The

master computer controls the slave computers and is the key

15
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control unit for the whole system, The slave computers are used
for control of the actuators, data acquisition, monitoring and

checking the key portions during testing. The personal computer

“should be good enough for the purpose of both master and slave

computers.

f. The pseudo-dynanmic structural testing method 1s gquite

simple on the concept, yet, it depends highly on the hardware

used. It is suggested to build a small to medium scale laboratory
in Taiwan as soon as possible. This laboratory can be served as a
place to train the necessary technicians and researchers who are

interested in this technique and this can also be a pilot program

for the proposed National Earthquake Center.

16
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RUN

ESTIMATED NUHBEK HF DATA FGINTS“ 73
MASS=7 0O.3%1 _

DAMFP ING HQTIDm? 0.072

FIME INCREMENT=? O.02

STIFFNESS= 20,94

.TIME= .OE'DISF=M&.4OQE49E~GE

LOAD THE SFPECIMEN TO, THE DISPFLACEMENT X{2), (RFTEH'CDHPENSQTIDN}

THEN FEED BACK REACTING FORCE= ?o-0.13 :
TIME= .02 DISF=-64.40034FE-03 FORGE= - —.1%

TIME= 04 DISF=—1.81A4838E-072 _ 4 ‘
LOAD THE SFECIMEN TO THE DISFLACEMENT X(N+1), (AFTER COMPENSATION)
THEN FEED BACK REACTING FORCE = ? -0,44

CTIME= .04 DISP=—1,81&BI5E-02 FORCE=—.44 :
DO YOU WANT TO SEE GRAFHIC QUTFUT? Y OR N?7? —-1.0

DO YOU WANT TO CONTINUE? Y OR N? 7

TIME= .06 DISF=-2,775019E-02

LOAD THE SFECIMEN TO THE DISFLACEMENT X(N+i)* (AFTER COMFENSATION)
THEN FEED BACK REACTING FORCE = ? -1.

TIME= .0& DISF=-2,775019E~02 FORCE=—1
DO YOU WANT TO SEE GRAFHIC QUTPUT? Y OR N?7? —1.0

DO YOU WANT TO GONTINUE? Y OR N7 7
TIiME= .08 DESF-M OR73 n‘iz

LOAD THE SFECIMEN TO THE DISPLACENENT X(N+l)- (AFTER COMFPENSATION)
THEN FEED BRACH REACTING FORCE = 7 —1. : - -

Fig. 7 Part of the record of computer control

24



- bt e g

r mrd ]

gl

3

IS}
o -

'

i

(s

PR R

i

PRGN RN S SO

[ S p—

k]

=+ e ) e

i
i

—_—

RS
ok

25



- 2 42 “'('."‘PQ;‘A.! 2 e ot

9. Force and D

isplécement Relationship

ig.

F

26



	Lehigh University
	Lehigh Preserve
	11-1-1988

	Building up of Pseudo-Dynamic Structural Testing Systems
	Shen-Jin Chen
	Le-Wu Lu
	Recommended Citation


	tmp.1373596923.pdf.C8iHs

