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ABSTRACT

Application of substructuring concepts to on-line computer controlled {pseudodynarnic)
testing is developed so that analylical subassernblages can be combined with a physical tsst
assermblage to simulate the seigmic response of the complete systern Numerical algorithms
are developed to tamy out analytical substructuring, Their reliability is investigated by means
of pseudodynamic tests of several specimens. The results of these tests are presented and dis

cussed and their correlation with analytical simulations is evaluated.

The pseudodyriamic methed is a relatively new experimental {echnique which has been
used for the evaluation of the performance of complete structural systems subjected to setsmic
excitations During such a test, conventional integration methods are used to calculate dis
placerments which are imposed on a test specimen. The restoring force characteristics are
obtained experimentally from the test structure. By considering these analytical and experi-
rmental procedures, it is possible to simulate in the laboraiory the dynarnic response of a

structure to severe earthgquake excitations

Fer economic or other reasons it may be desirable to pseudodynamically test only a
portion of a complste structure and model the remaining part analytically. The theoretical
background of these “substructuring' techniques is formulated herein and the characteristios
of the integration methods involved in the substructuring algorithms are presented and dis-
cussed. It is shown thal, according to the type of test structure considered, mumerical stability
criteria may govern the selection of the integration method. Propagation of experimental

feedback errors in the substructuring algorithms is also investigated.

Pseudodynamic tests of several mulliple-degree-of-freedom systerns were performed to
verify the substructuring technigues A two-degree-of-freedom steal specimen was tested
pseudodynamically as a complete system and, subsequently, the same systern was tested with

its top half being modeled analytically. Good correlation has been achieved between the two
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tests. By means of substructuring techniques, it is also possible to test equipment mounted on
structures without the need to construct the supporting structure. The numerical algorithms
for such equipment tests are developed and discussed, and results from verification tests are
presented. The applications of substruchuring concepts are further extended by consdering
subassernblages that behave nonlinearly. The results of the pseudodynamic verification fests
using nonlinear hysteretic elements are presented and compared to analytical smulations.

All these studies indicate that substructuring technigues can be used reliably to combine
analytical subassermblages with pseudodynamic test specimens. Conclusions regarding the
reliability of the method are offered. Needs for further research and development are

identified
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CHAPTER 1

INTRODUCTION

1.1 The Pssudodynamic Test M ethed

In seismically active regions, buildings are ususlly designed to deform inelastically dur-
ing rare and unusually severe earthquakes By providing a structure with a good energy diss-
pation capacity, it should be able to survive such excitations without collapse. However, the
indlastic perforrmnance of structural systemns depends on many factors, including the charac-
teristies of the excitation, configuration of the siructural system, type of foundalion system
used, intensity of gravity loads, ete. A particularly crudal role is played by the details used
for the critical struchural components since these directly relate to energy dissipation capacity.
Currently, enalytical methods are unable to fully predict the complex inelastic behavior exhi-
bited by most structural systerns and components under seismic loading conditions. There
fore, we must depend on results of experimental testing to irnprove our ability to design
seismic-resistant structures.

There are soveral experimental methods available for evaluating the inelastic seismic
performance of a particular structure. The most realistic simulations of seismic response are
shaking table tests, However, shaking tables are scarce and expensive to construct. They also
have significant imitations on the sizeweight and strength of specimens that can be Lested.
Beeause of thess limitations, quasi-static tests tests are often used to impose prescribed his-
tories of ioad {or displacement) on a specimen. These tests are more economical to perform
and utilize conventional laboratory loading equipment and instrumentation. Although quas-

static tests are more versatile, the preseribed loading histories on the test structure may not be
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representative of earthguake loading conditions Thus, guestions arise as to whether the

specimen is over- or under-tested.

Recently, a new experimental method has been developed which atternpts to combine
the economy and flexibility of quasi-stafic tests with the reslism of shaking table tests
{1,4,8,9.16,24] In this method, a computer is used on-line to determine the displacement his-
tory to be imposed on a test specimen. Corventional step-by-step integration methods are
used to calculate these displacements based on the equations of motion forrmulated for the
specimen. The inertial and damping characteristics of the test structure as well as the earth-
quake accelerograrn are numerically prescribed by the user at the outset of a test. The
structure's restoring force characteristics are likely to vary significantly during a test due to
damage. Consequently, these are measured experimentally from the deformmed specimen al

each step in the test.

Since the algorithms used in these orrline tests explicitly account for dynamic effects,
the computed displacerments can be guasi-statically imposed on the test sbructure using
electro-hydraulic actustors Because of the relatively slow rate at which the displacements are
imposed, it is possible to observe the behavior of the specimen in detail during testing as well

as to use conventional data recording equipment.

Previous studies [1,5,9,15,24] have shown that this "so called” pseudodynaric method
can be very reliable if appropriate test equipment and techniques are used. The nurnerical
procedures which are used in the pseudodynamic methed are derived from well-established
methods used in nonlinear finite dement snalyses However, the methed may not be suitable
for certain types of structures. Since lumped mass structural models are most convenient to
formulate and test, it may be difficult to spply the method to structures with significant distri-
buted masses. D ue to the quasi-static menner of displacement application it may not be pos-
sible io test structires constructed from meterials which have properties that are highly sensi-
tive to loading rate. Because damping characteristics are numerically idealized, structures in

which viscous damping is likely to have a significant effect on response may not be



appropriate for this method.

1.2 Review of Provices Rescarch

Resarch studies to verify and implernent the pseudodynarmic methed have been carried
out since the early 1970's Japanese researchers have developed pseudodynermnic numerical
algorithrns and have been involved in experimental testing of single degree-of-freedom and
multiple degree-of-freedom steel and concrete specirmens [1,8,4,5,6,7,26] Experimental facili-
ties have been developed at the University of Tokyo and the Building Research Institute
{BRI) of Japan . The BRI experimental facilities [8,28] permit testing of roultistory structures
at fuilscale. Good correlation has been reported of pssudodynamic test results with shaling
table tests and analytical predictions [4] A full-scale seven story reinforced concrete building
and a dx story structural steel building have been successfully tested at the BRI facility as

part of the U.S.-Japan Cooperative Earthqueke Research Program [6,7.17,26]

W ork on the method has alse been carried out in the U.S., notably at the University of
Califorria, Berkeley and the Urdverdty of Michigan, Ann Arbor. Several tests have been
cormpleted [9,24]. Ressarch at the University of Michigan, Ann Arbor has focused on evaluat-
ing and improving pseudodynemic test control sigorithrns. In addition, spedial atiention has
been given to developing optirmum actuator control systerns [8,15,18]

Research efforts at the University of California, Berkeley have thus far besn concenr
treted in two main aress : (1) evalustion of numerical integration methods with parficular
attention to their sensitivity to experimentsl errors and {11} verifying the velidity and the relia-
hility of the method by gdmple experimental applications MNumerical studies have been per-
formed by Shing and M ahin [9,24] to evaluate the acouracy of numerical integration methods
which can be used to control & pseudodynamic test. The Newmearl explicit and the central
difference integration methods have heen investigated, and their stability and acouracy criteria

have beer established 1In addition, the propegation of experimental emrors in



pseudodynarnic tests have been studied by W illiams and M ahin [28] , and Shing and M ahin
[9,24]. The sources of experimental errors have been identified, and the effects of various
types of experimental errors on the response of a fest structure have been analyzed.
Improved numerical methods have been developed to itigate these effects. Correlation of
shaking table and pseudodynamic test results and with analytical results for several specimens
indicate that good accuracy is possible with the method. 1t wes conduded from these studies
that reliable pseudodynamic test results can be obtained, provided good instrumentation and

experimental techniques are used in conjunction with appropriate numerical techniques.

1.3 Substructiring Concepts in Peseudodynamic Testing

W hile the pseudodynarmic method cen realistically smulate the seismic response of a
structural model in the laboratory, aurent applications have been limited to tests of complete
gtructural systems. Tests of complete full-scale models are not only expensive, but require
special large scale and high capadty test facilities as well. Tests of reduced-scale models may
allow use of more moderate fadilities, but can introduce dynamic and matenal simibitude
problems. W here detailed information on the local behavior of aitical regions is required,
reduced scale tests may not produce meaningful results. In addition, the lateral load resis-
tance of many structures is contributed mainly by certain eritical components which suffer
the most severe inelastic deformations during & strong earthquake. In such cases it may be
ineffdent. uneconomical and unnecessary to test the entire structure. Thus it would be

desirable to extend the pseudodynarnic method to testing of large subassemmblages.

There are several other related applications where one would want to {est only a portion
of a dynamically excited structure. For example, most structural specimens which have been
tested in the past did not include the flexibility effects of the supporting soil and foundation.
1t is difficult to realistically sirmulate such effects in laboratory tests even though soll-structure

interaction can significantly affect the response of certain structures Pseudodynamic methods
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to account for such flexible boundary conditions would be useful. In addition, cne may be
interested in the dynarnic response of components or equiprment mounted on structures which
are subjected to ground excitation. However, since the ground motion is not, directly applied
to the base of the equipment, the supporting structure has to be aceovumded for in such tests.
This leads to a costly and inefficient test setup or significent simplifications that may reduce

the accuracy of the results

Une approach te overcoming these difficilties with the pseudodynamic method is by
application of substructuring concepts used in conventional dynamic analyses. In such ane-
lyses, different porfions of a struchure are grouped into substruchures which are treated
separately, for convenience in formmulating the data as well for computational economy. In a
pseudodynamic test it may be possible to use similar methods, except that certain substruc-
tures rnay be anslytically formulated and others are subassermblages that are physically tested.
By means of substrochiring techniques the displacernents which are imposed on the test struce
ture would be obtained by solving the equations of motion of the "combined” systerri, where
the restoring force characteristics of the portion which is not subjected to experimental testing

are provided by mathematical models,

The concepts which were deswibed in the previous section are related to substructure
techniques which have originated from the static and dynamic enalysis of struchural systerns,
Significant research efforts have been devoted Yo developing techniques which can offer flexi-
tility in the structural description and reduce computationsl efforts in the anslysis [25]. The
adventages of these methods over conventional linear and norlineer analyses are : (i) repeated
structural modules cen be used to reduce the effort to define the entire structural assemblage,
(it} the analysis problems are partitioned into subproblers of mansgesble size, and (ili) in

sorme cases a reduction in computational effort can be achieved [25]
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A brief description of conventional analytical substructuring methods is given below :
Qubstructures can be assernbled from groups of elements By means of static condensation,
each substructure's stiffness and loads can be expressed in terms of the degrees-of-freedom at
the external connection nodes Subsequently, the complete structure can be assernbied by
connecting all the subsbruchures After the global response of the complete structure has been
solved, the internal displacernents of the individual substructures can be recovered by back
substitution procedures

Although sirmilar in concept, the substructuring techniques which are developed in this
report differ from usual analytical substructure methods in the following two aspects : (i) there
are both analytical and experimental substructures considered in the partitioning of the corn-
plete structure, and (i) non-boundary degrees-of-freedom are not condensed out for the test

subassermblage.

1.5 Objectives and Scope

The main objectives of this work are to develop and evaluate techniques for pseude-
dynarnic testing in which a portion of a structure is represented by a mathematically modeled
subassernblage and the remainder of it is tested experimentally. For convenience this tech-
nique will be referred to as substruchuring. The mumerical algorithms which are used for this
approach are developed and guidelines for their proper use are given. A series of verification
tests are performed to demonstrate the reliability of the developed methods

In Chapter 2, some basic substructuring applications are identified and general
categories are developed for later solution. The lirmitations of substructuring concepts are also
described.

In Chapter 3, numerical methods which are used in pseudodynarmic tests with substrue-
turing are developed and their stability criteria are surmmmarized. Special requirements for

numerical methods for implementing substructuring in pseudodynamic tests are pointed out.
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The experimental error propagation characteristics of these numerical methods are briefly
exarined.

Several experimental tests have been performed to evaluate the reliability of the method.
Chapters 4 and 5 present the results of an experimental program with a two-degree-of-
freedom steel specimen. Chapter 4 describes the pseudodynamic test of the complete speci-
men. In Chapter 5, the substructuring methods used to re-test the specimen are described.
Substruchuring test results are compared with "benchmark’” analylical simulations as well as
with experimental results from Chapter 4.

In Chapter 6, the procedure for testing components mounted on structures by the pseu-
dodynamic method is outlined. The response of a one-degree-of-freedom equipment speci-
men mounted on a stedl frame is compared with analytic results.

Chapter 7 presents the results of a pseudodynamic test of a three-story frame. A single
member of this structure was tested, while inelastic analytical subassemblages were used to
sirmuilate the remainder of the frame.

Finally, condusions and recommendations are offered in Chapter B related to the rdia-
hility and practicability of substructuring concepts in pseudodynamic testing, Future research

areas are also suggested.



CHAPTER 2

APPLICATION OF SUBSTRUCTURING
IN PSEUDODYNAM IC TESTING

21 Applicelions

As stated in the introduction, substructuring techniques may permit the cormnbination of
analytical subassernblages with physical subassernblages in pseudodynamic tests This may
permit the testing of subassernblages and cornponents using the pseudodynarmic test method.
In order to demonstrate the desrability of substructuring methods in pseudodynarnic testing,
a number of useful applications are described in this section. These applications are for con-

venience based on planar frames subject to horizontal excitation.

Struckeral Subassernblages

(1) Reduction in. Flan * A simple shear wall systern is shown in Fig. 2.1 . A shear wall ususlly
interacts with the adjacent moment frames resulting in complicated behavior. However,
rmost of the initial stiffness and resistance is provided by the shear well and the focus of a test
is usually on the behavior of the wall. Because of the flexibility of the frames, framing
mermbers are likely to suffer less damage initially ( or even remain elastic ) than the stiffer
walls Also, analytical models for framing members are much more advanced and reliable
than for walls. Consequently, it may be accsptable to analyticelly model the frame and to test
only the wall. Using substructuring methods, the wall can be tested, and its interaction with

the remainder of the structure can be taken into account
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A drrilar approach might be used for testing a structure which consists of ductile
moment-resisiing fremes and the concentricaily braced bent shown in Fig. 2.2 . The behavior
of braces in the post-buckling range is more eritical and complex than the post-vielding
behavior of the moment-resisting frames. However, the interaction of the frame and braced
bent must be taken into account for realistic simulation. Thus, the behavior of this struchure
night be investigated by testing only the braced portion while the adjacent moment-resisting

frames are modeled analytically.

{ii} Reduction in Eleuafion ; In some structures, damage may tend to concentrate at certain
floor levels and it would be uneconomical to test the levels that remain dlastic In other strue-
tures, construction details and damage rmay be more or less uniformn from level (o level and
not much new data would be obtained by testing more than a few levels. PFigure 2.3 illus
trates the reduction of a four-story building to a twe degres-of-freedom specimen by means of
substructuring concepts ; the top two stories are modeled analytically and the bottom two

stories are tested experimentally.

{iii) Comirinations of (i} and {ii) : Indastic deformations may concentrate in certain regions of
a structure. For example one rmight expect the lower two or three stories of the wall systemn
in Fig. 2.1 to suffer the most damage. W hile it is important to indude the effects of the upper
stories in the experiment in order to apply the correct wall moment end shear, it is
uneconorrical to do this experimentally. In this case, only the lower portion of the wall need
lo be tested and remeinder of the structure might be modeled analytically. Thus using sub-

structuaring iL may be possible to test only the components expected to be heavily damaged.
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Internal Equipment in Struchures

Substructuring techniques also provide very efficient means to test contained equipment pseu-
dodynamically. Consider, for example, a typical structure-equipment assemnblage shown in
Fig. 2.4 , where only the single degree-of-freedom equiprnent needs to be tested. The support-
ing frame can be modeled analytically. If the support of the equipment specimen is assumed
rigid, the experimentally imposed displacements are equal to the relative displacerments of the
equipment with respect to the ficor. Even if the structure is subjected to only horizontal
seismic excitations the base of the equipment may move vertically and rotate due to the flexi-
bility of the supporting bearn. A more detailed discussion of equipment testing is presented

in Chapter 6.

Shil-Struchore Inferoction

Flexible foundation conditions can alter the response of a structure as well as change the dis-
tribution of intemal deformations. There are many analytical techniques by which one can
model soil-sruchrre interaction. Induding this interaction in pseudodynamic testing can be
achieved by analytically modeling the soil media and incorporating it along with the super-
structure, which is tested pseudodynamically. As illustrated in Fig 2.5, there are several
means to analytically idealize the ground flexibility. Linear and rotational springs are exam-
ples of cormmonly used simple models If ‘a more detailed modeling of the soil media is

required, finite element meshes can be assembled.

22 Clessification of Test Strurhzes

In pseudodynamiic testing a test structure is idealized as a discrete-pararneter system.

W hen substructuring methods are used, the analytically prescribed subassemblages have a
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finite murnber of degrees-of-freedom. The mumber of degrees-of-freedom thal can be com-
sidered in these are only limited by the size of the operations that the computer can perform
during the desired real Gme step interval. On the other hand, appropriate idealizations must
be made in the substructure to be lested so that an practical experimental setup is obtained.
Therefore, it is preferable to have a small number of degrees-of-freedom  associated with a
test specimen and care must be taken so that the selected degrees-of-freedom can accurately

represent the dynamic behavior of the {est system.

In order to achieve the proper boundary conditions for the physical specimen, different.
degrees-of-freedorn than those used in a test of the entire struchire, may be necessary. It is
useful to group the specimens which can be tested using substructuring conecepts into two
categories :

{i) The first category includes test structures for which the degrees-of-freedom used to com-
pute the dynarmc response remein the same as if the entire struchure were lested As an
exarmple, consider the stmple four story structure pictured in Fig 2.3. By substructuring the
upper two stories, two lateral degrees-of-freedom are considered for the experimental sped-
men and the remaining two are incuded in the analytical moedel. The degrees-of-freedom
used to conirol the the lower two siories of the experimental substructure are the same as if
the entire prototype structure were tested,

{ii) The second category includes test structures which possess different experimental
degrees-of-freedom when compared to the eguivalent parts in complete prototype specimens.
The complexity of the interface between the test specimen and the analytical substructure
determines whether new experimental degreesof-fresdom nesd fo be controlied. Consder,
for examnple, the five story framne illustrated in Fig. 2.8, Assaming that the beams are axially
rigid, there are five lateral degrees-of-freedom which must be controlied during a pseudo-
dynamic test of the prototype frame subjected o horizontal base excitstions If the upper
four stories are anelyticelly substructured, there is only one latersl degree-of-freedom to be

controlled. However, to obtain realistic boundary conditions between the first and second
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stories, two rotational and two vertical translational degress-of-freedomn must be introduced
{Fig 2.8).

Based on the interface between the analytically substructured subassemblages and the
test specimen, the total number of the experimental degrees-of-freedom can be smaller, equal
or bigger than the corresponding niumber in the prototype structure. For example, if the com-
plete eccentrically braced frame pictured in Fig 2.7 is tesled pseudodynarmically, the story
displacements can be controlled by three actustors. W hen substruchuring is used to rmodel
analytically the top two stories, more actuators are required since two rotational and five

translational degrees-of-freedom must be considered at the first level.

23 Limtations

Substructuring techniques offer substantial versatility to the application of the pseudo-
dynamic test method. However, in addition to the limitations related to the basic prindples
of the pseudodynamic method, the approximations which are introduced by the substructur-
ing techniques must be thoroughly understood. In particular, the reliability of the pseudo-
dynarnic test results is directly related to the realism of the analyticelly modeled substructure.
Consequently, to obtain meaningful test results, one must select realistic analytical models.
Clearly, if the analytically modeled components are expected to undergo large inelastic defor
mations under a given earthquake excitation, it is insufficient to model these components with
linear elastic elements or with simple nonlinesr models, 1f an approximation is used, the

response of the experimental specirnen may not be realistic.

in some cases, the number of degrees of freedom to be controlled during a pseudo-
dynamic test when using substructuring techniques, may be more than the number of original
degrees of freedom. Control of these additional degrees of freedom may render the experi-
ment impractical and difficult to implement. Therefore, tests involving e large number of

degrees of freedom at the interface of the test specimen and the modeled substructure may be
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difTieult to perform.

The numerical algorithms for pseudodynammic testing with the substructuring concept
will be forrrulated and exarnined in Chapter 3. It will be shown that additional degrees of
freedom in a test specimen may introduce numerical stability problems in the integration

algorithms. M ethods to overcome these problerns will also be presented.



- 14 -

CHAPTER 3

NUMERICAL IM PLEM ENTATION OF SUBSTRUCTURING CONCEPTS

3.1 Iniegration ¥ ethods for Psaudodynarmic A pplication

In pseudodynarmic testing, a test sbructure is idealized as a discrete paremeter systern
having a finite number of degrees of freedorm. This discretization procedure approxirmates
lower modes and truncates the higher modes of a continuous test specimen. However, since
the lower frequencies of a structure usually dominate its overall response during an earth-
quake excitation, no significant loss of accuracy results from the discrete parameter idealiza-
tion in most practical cases. In conventional structural analysis mass is usually considered
lurmped at each ficor {node) of the model. Lateral displacements at each node are the experi-
menta! degrees of freedom. T herefore, relatively few degrees-of-freedom of the structure need
be consdered to obtain realistic resulis; and the test can accurately represent the stnucture’s
performance during a seismic event [24].

The equations of motion for a linear elastic systern with n degrees of freedom can be

represented in rmatrix form as

ma+cev+ kd=1 (3.1)

where

m= mass matrix (nxn)
¢ = damping matrix {nxn)
k = stiffness matrix {nxmn)

a = acceleration vector {nx1)
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v = velodty vector (nx1)
d = displacement vector (nx1)
f = external force excitation vector {nx1)
In a pseudodynamic test, the restoring forces are measured experimentally from the deformed
specimen. T herefore, the product of the stiffness matrix and the displacernent vector, (i d), is
replaced by the restoring force vector r in the equations of motion. The mass and damping
malrices, and the external foree excitation vector are analytically prescribed.

For a given ground excitation, the equations of motion of a nonlinear struchural systern
can be numerically sclved by a step-by-step integration method, where the duration T for
which the response of a structure is to be evaluated is divided into a number of equal Ume

intervals, Af. The response at each timne step is celculated based on the respense of the previ-
ous step or steps  For a total duration T, there are N time steps to be considered (N = {? )3

The integration methods which have been recommended for pseudodynamic applications are
briefly described in the following :
(i) The Explicit Neusnark M ethod.

The Newmark explicit algorithm assurnes that at ime {{+ 1)Af, wheredi = 1N,

d¢+;=d¢+%£ﬁ+§§& (3.2)

%+1=ﬁ+%i(a:+a¢+1) (3.3)
and

ma,, %yt En T Ly (3.4}

Therefore, at every step, the displacement vector is cormputed by using Eq. {3.2): the res-
toring force vector ;, , is measured from the specimen ; and the acceleration and velocity vec-

tors are computed based on the Egs (3.4) and {3.3) [24]
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Furthermore,a modified Newmark algerithm having numerical dissipation properties has
been proposed by Shing and M ahin [24] to suppress the spurious growth of higher frequency
responses caused by experimental errors,

The modified N ewmark algorithm is expressed by the foliowing equations :

ma£+,+[(1+a>k+ﬁ;m}mﬁmw[amﬁe—mm (3.5)
du=d+atws 84 (36
wn=w+ 5 (a +an) @7

where, o and p are numerical damping parameters.
(i) The Central Difference Method,

The central difference method has been applied to pseudodynamic testing by Japanese

researchers [ 1] The numerical algorithm consists of the following equations :

Me, + %y + By = L {3.8)
4., -24 +d,
;= 3.8
& AP (3.9)
_ doy ~diy
= (3.10)

The numerical characteristics of the above algorithms have been investigated by Shing
and Mahin [8,24] The modified Newmark explicit algorithm has been recommended by

Shing and M ahin [9,24] to compensate for experimental error propagation effects.



32 Algorithres for Substruche

42! Inbroducion

By means of substructuring techniques , a test structure can be considered as an assem-
bly of two distinct parts : (i} a physical subassemblage which is experitnentally tested using
load applying actuators ; and (i) an analytical subassemnblage consisting of mathematical
models of structural elements. If nonlinear models are used in the formation of the analytical
substructure, their stiffness must be updated when the models enter new states  Linear elastic
elerments retain the same stifiness characteristics throughout the integration process and do

not need to be updated.

The numerical implementation of substructuring concepts can be demonstrated by an
illustrative example. Consider the m. story tall, linear elastic shear building shown in Fig. 3.1
subjected to horizontal excitations. If the entire structure is tested pseudodynamically, m
hydraulic actuators are required to impose the calculated displacements to each story. The

goverming equations of motion can be written as,
M a+Cv+E=F (3.11)

where B and C are analytcally prescribed mass and damping {mxm) matrices, and a and v
are the computed acceleration and velodity vectors {mx1). The vector R contains the restor
ing force values measured by the load {rensducers The extermal force excitation vector is
repressrited by F.

Consider now & typical substructuring application using the same structural system. For
converience the structure will be assumed to remain elastic. The upper m—n stories are
modeled analytically and the lower n stories are tested pseudodynamically. Hydraulic actua-
tors are only atiached to the lower n stories and the stiffness of the upper m—n stories is
analytically prescribed. The restoring forees for the substructured stories are analytically com-
puted as the product of the predefined stiffness mairiz and the displacement vector. In this

case, the equations of motion take the following form :



- 18-

M a+Cv+R+R =F (3.12)

where,

R' contains the restoring force vector of the analytical subassemblage and is for linear elastic
systerns expressed as R' = K* @

d is the displacement vector representing all the degrees-of-freedorn {mx1),

K’ is the stiffness matrix of the substructured subassernblage, and is expressed as ,

n n+l
- { ‘ —
| : I
§ . .
i | t
i ' i
¢ i ' ' 0
1
! |
3
! 1
1 ' ‘
e e e e e e e o e b e = = e
+* 3
= K H
K 0 iTa,n fn,ntl
_________ o — - [ re - — o =
¥ ~
| k Y
e - _D “““““ :Ent},u ntlndds S L L L.
] |\\ \1\ .
i i ~ [ ~
- ~ et
' t \i \ k\
) ; ™~ ~ ‘m-1,m
' ! Lk "k
] 1 ‘ m,m-1 m,m

where K., is the contribution to the interface degree of freedom from the analytical part of
the model, and R’ contains the restoring force vector of the physical specimen, and is

expressed as,




T

The stiffness matriz terms corresponding to the degrees-of-freedom of the experimental
specimen which are not at the interface with the analytical substructure are all zero. How-
ever, the interface degres-of-freedom has non-zere stiffness terms, which are provided by the
part of the analytical subassernblage that is connected to it On the other hand, the measured
restoring force vector contains zero values for all the substructured degrees-of-freedom. Comr-
paring equations (3.11) and (3.12) , we ren also observe that, in general, for the interface
degres-of-freedom n, R, is not equal to B,. This ccours because the restoring force for the
interface degree-of-freedom is partly provided by the test specimen and partly by the stiffness
of the substructure. The above example illustrates how the basic equations of .motirm are
modified to incorporate an analytical subassernblage to a pseudodynamically tested specimen.
The integration algorithmms which can be used to solve Equations (3.12) are described in the

foliowing sections.

3.2.2 The Explicit Newrerk Alporithers

The solution of Equations (3.12) by meens of the explicit Newmark method is sirnilar
to the general one considered in Section 3.1. The only difference comes from the addition of
the restoring forees resulted from the analytically modeled components info the equations of
motion. The flow diagram in Fig 3.2 illustrates the solution procedure. 1f the substructured
subassernblages are modeled with dlasfic dements, the stiffness matrix K is assernbled at the
beginning of the computation and is not changed throughout the test If nonlinear members
are used for the substruchured components, a state determination for every nonlinear element
is required at every integration step to deterrnine whether the elemnent has changed stifiness
properties If en eement hes chenged stiffness the corresponding tarms in the stifiness
matrix X must be updated. The new restoring foree vector for the substructured subassenn-

blage is then computed according to the following equation :

Ry = B+ Ky 8dy, {3.13)
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where
Adyy =4y — 4 (3.14)
where k’;,, is the tangent stiffness of the analytical portion.

T he modified Newmark algorithm suggested by Shing and M ahin [9,24] is also applica-
ble to substructuring problems, and when there are multiple experimental degrees of freedom,
the algorithm is very useful for munerically dissipating the spurious growth of higher fre-
gueney responses induced by experimental errors  Fig 3.3 illustrates the flow diagram of the
algorithm for substructuring problems,

To obtain bounded solutions , we must satisfy the stability criteria for the explicit New-

mark algorithms  Therefore, for any multiple-degree-of-freedom systems, the stability condi-

tion for the explicit Newmark method is,
D=, Afs2 {3.15)

where ¢, is the highest angular frequency of the entire structural systern and 4¢ is the ime
step used in the integration [9,24] The stability of the modified Newmnark algorithm is

governed by the following condition [8,24] :

To obtain reliable solutions, appropriate damping parameters { a and p } must be selected to
represent realistic damping chararteristics of the cornplete systermn.

In pseudodynarnic testing with displacernent control, explicit integration algorithms are
especially useful since the imposed displacements are computed based on parameters of the
previous time step only. In sddition. explicit methods are computationally very efficient.
However, for a given time interval Af , stability requirements limit the types of systerns that
can be tested according to their natural frequencies. On the other hand, a decrease in the
time interval A¢ results in an increase in the total number of test steps needed to produce a

given duration of earthguake response
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323 The Irpdict-Eaplict Indegration Algorithim

As we have already seen epplicil integration methods are only conditionally stable.
Unconditional stability can only be achieved by irmplicit methods. Implicit methods assume
that the displacernent solulion is a function of the previous and current solutions Due to
this assumption, implict methods cannot be directly applied to pseudodynamic testing This

can be seen by consdering the general Newmark farmily of implicit algorithms, where,

B oo+ Cwyy + Kdyy, = Fuyy (3.17)
do=q +At% + AR [(C—Pa+fan] (3.18)
G TG [{1-y)a + 78] {3.19)

for § # 0. To obtain the value of the product X d,, { = R;,, ) from the experimental spedi-
men, we must know the value of the imposed displacement { d;,, ) e priori. Therefore, equa-
tions (3.17)~(3.19) have four unknowns, { &1, %+; . G4y, Kat step (i+1) ), and they cannot
be solved simultaneously. If the stiffness characteristics of a part of the test struchure are
known, then, for that part, there are only three undmown guantities at each step and an impli-
cit algorithm can be successfuily used. This shows that when substructuring is considered for
subassernbliages of a stroctural systern, the eguations of motion for the substructured com-
ponents can be solved by means of an implicit method, Since an explict schermne 15 necessary
to compute the displacement sclulion of the physical specimen, the combinalion of implict
and explict integration methods is very useful o substructuring spplications.

An implicit-explicit integration algorithm has been proposed by Hughes and Liu [18,20]
for finite element anatyses of systems such as fhuid-struchure assemnblies . The algorithm
assumes that the elements of a system are divided into two groups : the implicit group and
the explicit group. The interface conditions are auvtornatically accounted for by the assernbly
procedurs of the stiffness terms. The implementation of the implicit-explicit algorithm to

pseudodynamic testing with substructured subassemblages s evalusfed here and compared to
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the algorithms which are currently used
In the following eguations, superscript 1 denotes the implicit group (substructured
group) and superscript E denotes the explicit group { experimental specimen ). The govern-

ing equations are as follows :

Ma,+C e, +CP g, +K du+Ru=Fy (3.20)
where,
M=u+HF (3.21)
Guza+atw+ 20 -2pa (3.22)
=% tA(1-7ia (3.23)
Goy = Gy + A f iy, (3.24)
Vi St ALY &y (3.25)

The flow diagram of the algorithm when applied to pseudodynamic testing with substructur-
ing is illustrated in Fig. 3.4 . During each integretion time step the following operations are

performed :

(i) Explicit displacernents d,, are calculated for the degrees-of-freedom which are attached
to the experimental spedimen , based on the corrected displacements from the previous
step { BEq. 3.22 ).

(ii) Incremental displacements are imposed on the experimental specimen, relative to the
explicit displacements from the previous step, and forees { Rf}, ) are measured by the
load transducers.

{iii} Explicit velocities are computed for the degrees-of-freedom which are aitached to the

test specimen using { Eq. 3.23 ).
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{iv) The "generalized" stiffness matrix K° is assambled according to the respective equation
in the flow diagrarm. If the substructured cormponents undergo inelastic deformations ,
the stifiness matrix K! for the implict group must be updated. If Hnear subassernblages
are consdered , then K/ remains constant throughout the integration. In this case ,
matrix X* is only assembled at the beginning of the integration and this step is passed.

(v} The "generalized" force vector Fi, is formed based on the respective eguation in the
fiow diagram.

(vi} The solution of the smultaneous equations K° & ,; = ¥}, gives the corrected displace-

ment vector for all the degrees-of-freedom in the complete systern

{vii) The acceleration and tlm velodity of all the degrees-of-freedom are computed using
Equations (3.24) and (3.25).
A discussion of the characteristics and the advantages of the implicit-explicit method is

presernted in the next section
324 CUharacteristics of the Inplidt-Explict Algorithm

From the description of the algorithm |, we can observe that the restoring forces of the
test specimen are measured after “explicit” displacements are imposed on the experimental
degrees-of-freedom.  In general, these displacerments are nol egual io the displacements
obtained after the solution of the equations K* &, = Fi};. Consequently, the experimental
restoring forves are measured at & "predicior’ point  Although this phenornenon introduces a
numerical ervor in the solution of the equations of motion ., the error propagation effects
appear o be negligibie in the displacernent solution. This can be readily seen in correlations
of analytical sirnulations with experimental results from tests described in Chapter 4.

The solution of the generalized eguations of motion K &, = F.,, at every integration
step is eomputationally less efficient than the matrix rmultiplication performed in the explicit

Newmark algorithms However, in the explicit Newmark method . massless degreesof-
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freedormn, such as rotations , must be eliminated because (i) when damping is not considered ,
the inversion of matrix [ B + CAf ] brings about infinite terms , and (ii) the angular frequen-
cies associated with massiess degrees-of-freedorn are infinitely large and the numerical stabil-
ity criteria cannot be satisfied

The stability criteria for the implicit-explicit algorithm are less severe then those for the

explicit N ewmark scheme [20] In the case of the implidt group , if

y= 05 (3.26)
+ 05
g= 2 {(3.27)

thenn unconditional stability is achieved. Furthermore, the numerical stability for the explicit

group is govamned by the condition,
wht <{({E+R2y P ~¢£)/7 (3.28)

where , ¢ is the viscous damnping coeffident Equation {3.28) must be satisfied for every fre-
quency ¢ of the explict element group. However, Hughes and Liu [20] recommend to select

a tirme step aceording to the more stringent condition :

wht < %% {3.29)

For the undamped case , where ¥ = 0.5 , Equation (3.29) is identical {o the stability condi-
tion for the explicit Newmark method { Eq. 3.15 ). Therefore, by an appropriate selection of
g and y values, we can achieve unconditional stability for the implicit group even if the
irmplicit elements have zero mass If rotations need to be controlied in experimental speci-
mens to realistically represent the boundary conditions, rotational masses need to be specified,
since these deg,reeé of freedom will be solved explidtly. The values of the rotafional masses

must be determined vonsidering Equation {3.29) in order to attain numerical stability.
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For structural systems with a large number of degrees-of-freedorn, nurmericat operations
in each integration step may considerably slow the experimental process. In the implicit-

explicit algerithm, the longest computational task is the solution of the equations
K° 4, =F (3.30)
If the stifiness matrices of the analytically modeled substructured cornponents of a structiral

systern remain constant throughout the integration, significant savings in computational time

can be achieved by by mesans of static condensation,

W e may rewrite Equ {3.30) in the following partitioned form,

[ ]

[ Kr Xy | | &g, ] L (331
[ Kz K [ dﬁ’ﬂj - Fr., ’

where , superscripts E and 1 denote the experimental and the substruchred degrees-of-
freedom respectively. It should be noted that the interface degrees-of-freedom are considered
experimental since they are attached to hydraulic actuators. 1f the analytically modeled por-
tion remains linear elastic , static condensation can be applied to reduce the amount of com-
putation required. Hence , Equation (3.31) can be rewritten in terms of the experimental

degrees-of-freedom as,

(Kge — K7 K Kiip ) 68, = (Fi, - KF K Fp,,) (3.32)

If elastic elements are used in the formation of the substructured subassemblages |, the subma-
trices Kz . Kpp and K7 are constent Therefore, the matrix (Kop — K7p K7 Kj) can be
assembled initially and will remain constant throughout the test, Sirnitarly, the matrix pro-
duct Kg K;fl need be formed only once in the beginning of the algorithm. The number of
unknown displacements in Eqg. (3.32) is significantly reduced when compared to Egs. (3.30).

Therefore, if the operations involved in the solution of Eq. {3.30) lirnit the real time interval
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of each step , time can be saved if the size of the matrix equation is reduced The displace-
ments of the substructured subassemblages can be finally cbtained by means of the following

equation :

& =Kt (¥, ~Kpdh,) (3.33)

However , if the substructured subassemblages are idealized by inelastic models, their
stifiness characteristics must be evaluated each tim-e the models enter new states Therefore,
the computational advantages of the condensation of the substructured degrees-of-freedormn do
not extend to nonlinear substructuring methods. Nevertheless, it may be possible to condense
part of the substructured degrees-of-freedorm if the analytical subassemnblages are only locally

nonlinear [25]
3.4 Experinerisl Error Propagation in Substruchuring Algarithms

The cumulative effects of experimental errors on the pseudodynamic response of 2 struc-
ture have been investigated in previous studies and error compensation procedures have been
developed to improve the accuracy of rmuitiple degree-of-freedom testing of complete strue-
tures [8,24]. Since the displacement history of a structure advances in an incremental
manner, the errors introduced at each time step are accumulated through the integration pro-
cess. In pseudodynarmic testing , experimental errors can be introduced in operations involv-
ing displacernent-control , displacement-measurement and force-measurement T he errors can
be systernatic or random , depending on the performance of the experimental instrurnents.
Systematic errors are usually assodiated with a resonance-like phenomena which may result in
significant error propagation effects [9,24]

Experimental errors have besn shown o cause the spuricus growth of the higher fre-
quency modes of multiple-degree-of-freedom systerns. In pseudodynamic tests of complete

structures , errors are associated with all the degrees-of-freedom present in the equations of
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motion. However , when analylical substructuring is used to model selected subassemblages
of the complete systern , the degrees-of-freedom associated with the modeled components of
the system are nol controlled expenimentally. Hence, nio experimental errors are introduced
into the system from the analytically specified subassemblages. This causes & reduction in the
experimental error effects since the roundoff errors assodated with the computations are
much smaller than most sxperimental errors, it adds errors asscdated with the analytical
model. As an illustrative example , a pseudodynamic test s nomerically sirmulated, as shown
in Fig. 3.5. In each step , displacerment is computed and sent directly to the data acquisition
systemn through a DA conwerter. The restoring foree is cormmputed besed on a sirmidated
stifiness The dynamic properties of the structure are alss given in Fig 3.5, No viscous

damping is specifled for the structure.

To dmulate systematic ervors , the computed displacement value at esch degree-of-
freedom is truncated in every time step. The free vibrafion response of the system is first
investigated , by subjecting it to the pulse load shown in Fig 3.8, The explicit Newmark
method was used The numerical resuite for the complete system are shown in Figs 3.7,3.8
and 3.8. The "exact' response at each degree-of-freedom is also plotied . In addition, the sys-
tematic error signals are plotted for each degree-of-freedom in Fig. 3.10. A two second win-
dow of the error signals is enlarged to demonstrate the syst@natis patiemn of the errors. ltis
apparent from the displacernent history plots that the third mode dominated the response of

the lower stories of the struciure due to the regid growth of the cumulative errors { Fig 3.7 ).

The same structural systetn was also used for the simulation of & pseudodynamic test
induding substrocturing concepts. In this case |, systernelic displacernent errors were intro-
duced into the bottom story. The top two degrees-of-freedorn were analytically modeled with
e srmulated experimental errors The response of the complete systern was snalyzed using
both the explicit Newmark and the implicit-explicii method. The response histories obtained
are shown in Figs. 3.7-3.9 . The ermror signals for the bottom degree-of-freedom are also plot-

ted in Fig. 3.11. The spuricus growth of the highest mode was significanily reduced.



-2R -

Furthermore , we can observe that the implicit-explicit method has similar error-propagation
characteristics with the Newmark method From these numerical simuletions , we can con-
dude that substructuring methods can reduce experimental error effects by eliminating some
of the systematic error sources. However, any decrease in experimental erors will be ofiset

by additional errors introduced by the analylical model of the substructured degrees of free-

dom.
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CHAPTER 4

PSEUDODYNAM IC TESTING OF
ATWO LATERAL DOF SYSTEM

41 Intredirdon

Previous studies at Berkeley have concentrated on evaluating the reliability of the psew
dodynamic method by means of tests of single degreeof-freedom systemss [9,24] . In these
studies it has been demonstrated that the pseudodynamic method constitutes a reliable {esting
ool for the seismic performance of structures. In this chapter we will examine the implermnen-
tation of the pseudodynarnic method o a multiple-degree-oi-freedorn systern. A simple stedd
specimen with two lateral degrees-of-freedom was selected. As such, it was idealized as hav-
ing two concentrated masses at equal distances along its length { Fig. 4.1 ). The tests were
plsnned based on the following objectives:

i} to assess the performance of the pseudodynamic facilities at Berkeley in testing
rmitiple-degree-of-fresdom systermns , and
{(ii) to verify the application of substructuring techniques by use of a substructured model

of the complete twe degree-of-freedom system

This chapter presents the test results of the complete specimen. Correlation of experimental
resulis with analytical srmulations for the complete systermn are discussed and conclusions are
given regarding the efficiency of the pseudodynamic method to evaluate the seismic behavior
of multiple degree-of-freedom structures. The test results involving the substructured model

are described in Chapter 5.
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4.2 Test Desiplion

4.2.1 Fealiwes of the Test Specimen

The selected specimen consisted of a 86 in. (2.44 m) long , W 8x 20 cantilever colurmn of
A6 steel as shown in Fig. 4.1 . The cantilever column was idealized as having two concen-
trated weights of w, = 2.087 kips (9.27kN), and w; = 3.207 kips (14.25kN) located at
midheight and at the top of the colurmn , respectively. With this design it was expected that
no yielding would occur in the upper part of the column, if the applied ground motion was
the El Centro 1540 {NS) earthquake excitation scaled to 0.5g peak acceleration However,
significant inelastic deformations would develop at the base of the cantilever. The specimen
was free to rotate at the nodes at which the masses were concentrated Thus the specimen
had four nodal degrees-of-freedomn  However, no rotational masses were specified for the
specimen; thus the rotations need not enter into the dynaric equations of motion. The rota-
tions are effectively "condensed” to the two lateral transiational degrees-of-freedom. Coupon
tests were performed to determine the actual yield stress of steel. Two coupons were fabri-
cated frorn the web and from the flange of the section. The test results are shown in Fig. 4.2,
The obtained yield stresses were 42.0 ksi (289.6 M Pa} for the flange and 44.8 kst (308.9 M Pa)

for the web.

4.2.2 Psaxlodynanic Formedation

The inertial terms in the equations of motion are represented only by the laleral motion
of the the concenirated masses at midheight and at the top of the cantilever. The weight of
the colurmn was relatively insignificant and thus not considered in the inertial terms. In addi-
Hon, the cantilever was tested horizontally, so that P—A effects were disregarded. W hile these
could be numerically simulated in the equations of motion {24] it was not believed necessary
to do so for these tests. With these considerations , the eguations of motion for the twe

degree-of-freedom column for time {{+1)Af are as follows:
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where
rmi;,mp are the concentraled masses assigned to each degree-of-freedom
€3,Cy2,0;, Cpp aTe the numerically specified viscous damping coefficients
td 1 18, are the restoring forces measured at the two levels
8.1 %+1.%+1 are the accelerastion, velocity and displacernent vectors, respectively, of the
degrees-of -freedom considered
.+ is the exxitation force vector, equal to —mf 1{ef,,. with af,, being the discretizesd ground
acceleration.

No viscous damping was nurnerically specified for the system All the coefficients in the
damping mabix were therefore assigned zero values D arnping due to frictional forees in the

experimental process was approximeately equsl to 1% of critical in the first mode.

423 Test Sebip ang Instrurentation

A detailed test layout of the two degree-of-freedorm experiment is shown in Fig 4.3 .
The column was tested in its weak axis The lower end of the column was welded to a thick
plate which was bolted to another plate attached to a conorete reaction blodk A plate at the
top of the column was bolied to a devis attached to the end of the hydraulic actuator pistorn.
At midheight, the clevis of the lower hydraulic actuator was attached to the web of the sped-

jagi=ak

The displacernent at the top of the colurnn was moenitored by & position transducer
{ wire potentiometer ). The displacernent at rmidheight was measured by Linear Voltage Dis-
placement Transducer (LVDT) installed within the actuator. Two additional LVDT's were
positioned at midheight to measure the rofations that the column underwent at that point
This was achieved by computing the difference in in measured displacernents at the ends of

an 8 inch (20.3 cm) rod attached to the colurnn only at its midheight. Later in this chapter,
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the rotational values obtained are correlated with anatytical predictions. The restoring forces
were reasured by ivad transducers ( load cells ) which were mounted on the hydraulic actua-
tors. In addition, strein gauges were installed at the base and at midheight of the colurm to
measure steel strains at these locations At each location two strain gauges were installed on
the top and bottom flanges at an equal distance from the web center line to allow curvature
calculation. Therefore, it was possible to monitor the local inelastic behavior of the column.

The experimental setup and instrurnentations are shown by the photographs in Fig. 4.5,

As the schematic diagram in Fig. 4.4 indicates, a mini-computer was used to compute
the colurnn displacements and to acquire and store the test data obtained from the test. The
displacement increments at each step were imposed on the specimen by the hydraulic actua-

tors The displacement and force measurements are transferred to the computer by the high-

speed data acquisition systerm.

4.24 Test Sequeiwe

The specimen was subjected to a series of ground motions as indicated in Table 4.1.
Initially, a pulse load with acceleration magnitude 200 in/sec® (5.08—5;%—) was applied to

assess the performance of the experimental system and measure the dynamnic and damping '
properties of the specimen during the subsequent free vibration response. Subseguertly, the
Ei Centro 1940 NS earthquake excitation was applied at three different acceleration levels.
The first excitation subjected the spedimen to low amplitude elastic response. The second
excitation induced response at its yield "strength” level and, during the third excitation, the

colurmn experienced significent inelastic deformations.
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Table 4.1 - Test Sequence

Test Ground M otion Peak Aceleration (g}
Free Vibration Pulse 6.52
Linear Elastic El Centro 1840 NS 6.05
Strength Level El Centro 1940 NS 0.08
Ductility Level | El Centro 1940 NS 0.5

43 Expoinental Resulls

(i) Free Vibrafion

The free vibration response of the systen obtained by pseudodynamic testing with a
short initial acceleration pulse is shown in Figures 4.8(a) and 4.7(a). The rﬁspiment his-
tories of the two degrees-of-freedom are plotied versus ime. The second mode of vibration is
apparent in the displacement history of the first {bottom) degree-of-freedom (Fig 4.8(z)). The
natural periods oblained from the experimental results were T; = 0423 sec and
Tg = 0.082 sec. These values are slightly different from the analytically computed periods (
T, = 0.432 sec, T, = 0.077 sec ). The difference is mainly attributed to a slight base support
flexibility. The gradual decrease of displacernent amplitudes indicates that frictional forces in
the devises and at the support dissipated sorne energy during the response. The equivalent

viscous damping as measured from the displacement amplitude decay of the second (top)

degree-of-freedom was approximately 1% of critical damping of the first mode.




(ii) Linear Flastic Response

During the linear dastic test, the structure was subjected to the El Centro 1840 NS
ground exditation scaled to 0.05g pesk acceleration. Figures 4.8(a) and 4.9(a) illustrate the
displacemnent history of the bottorn and the top degrees-of-freedom, respectively. The max-
irrumn displacement for the bottom degree-of-freedom was 0.103 in. (2.6 mm) and for the top

0.304 in. (7.7 mm) . The systern response was dominated by the first mode of vibration.

(iii) Strength Level Response

The specimen was subsequently subjected to the El Centro ground motion scaled to
0.08g peak acceleration. During this exditation, the meximum displacaments for the lateral
degrees-of -freedorn were 0.181 in. {4.6 mm) and 0.515 in. (13.1 mm) as shown in Figs 4.10(a)

and 4.11{a) . No yielding was observed during this excitation.

iv) “Ductility"” Level Response

The El Centro selsmogram was scaled to 0.5g peak acceleration for the "duchlity”’ level
earthquake. D uring this event, the specimen experienced significant inelastic deformations. 1t
can be observed from the displacement time histories of the two degrees-of-freedom that the
first period of vibration of the system was extended indicating a reduction in effective lateral
stifiness (Figs. 4.12(a) , 4.13{g) ). The observed period was 0.452 sec , which constituted a 7%
increase over the period in the elastic range. In addition to period elongation, the specimen
experienced residual displacerments. Pigure 4.14 shows the hysteretic relation of the base
overturning moment and the curvature of the column at the support. The W 6x20 colurmn
yielded at a moment M, = 268k in {30.3 kN rm). The maxirmum displacements were 1.017

in. (25.8 mm) for the first degree-of-freedom and 3.067 in. (77.9 rmum) for the second.
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4.4 Apalytics] Cordations

The experimental results were compared to analytical simulations of the response of the
system to examine the reliability of multiple-degree-of-freedom pseadodynarnic testing In

general, very good correlations were obtained for the pseudodynamic test results

The analytical model which was used in the elastic sirmilations is shown in Fig 4.15 .
The simulations were performed with the DRAIN-2D 2 computer program [22]. The speci-
men was idealized by two bearn-colurnn elements as shown in Fig 4.15 . The base support
was considered fixed. The specified mass and stiffness proporiional viscous damping
coefficient resulted in 1% of the witical damping of the first mode. Figures 4.5(b) and 4.8(b)
illustrate the free vibration response of the system Excelleni correlation was obtained
between analysis and experiment. Furthermore, simulations using the El Centro ground
motion were performed. The analytical results are illustrated in Figures 4.7(b),4.8(b)4.9(b)

and 4.10{b). Very good correlations were cbtained for the earthquake response as well.

The inelastic analysis of the system was performed by use of the model shown in Fig.
4.16. Current beanrrcolunm elements which are used for the indlastic modeling of frame com-
ponents assume that inelastic deformations concentrate in ideal "point” hinges at the ends of
a member. In reslity, inelastic deformations spread along_ a finite length Therefore, the
flexural post-yield behavior of the two degres-of-freedom systern would not be realistically
smulated by the use of only two elements connecied at midheight. In order to smulate the
spread of yielding behavior, the lower element was subdivided into smsll segments along the
plastic hinging region of the base of the column In this region the internal moment was
expected to exceed the yield moment of the section due to strain hardening The specified
size of the segments was small, since yielding could spread only as a function of the length of
the segments. Each small segrert was modeled by a beam-colurn siement. The vield sur
face of the element was assumed to be a bilinear moment-rotation {4 — 8) relationship with
the strain hardening stiffness being 8% of the elastic stiffness { Fig 4.15 ). This moment-

rotation relationship is simpler than the actual hysteretic behavior exhibited by the specimen
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{Fig. 4.14).

The results of the inelastic analysis using the El Centro 1940 NS ground motion scaled
to 0.5g pesk acceleration are shown in Figs 4.11(b) and 4.12(b). The displacement histories
of the two lateral degrees-of-freedom at midheight and at the top of the column are in excel-

lent agresment with the pseudodynamic results.

45 Concluding Resrarks

The results of the two degree-of-freedom experiment indicate that the pseudodynarnic
method can be reliably applied to multiple-degree-of-freedom structures. The control system
proved to be very efficient in the tests of the two degree-of-freedom specimen. Based on the

obtained time histories, it is apparent that no significant errors were introduced in the

response of the systan.
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CHAPTER 5

PSEUDODYNAMIC TESTING OF A TW O LATERAL DOF
SYSTEM INCLUDING SUBSTRUCTURING

5.1 Inrodurtion

A number of tests have been conducted to assess the reliability and practicability of sub-
structuring concepts as applied to pseudodynarnic testing In this chapter, the specimen
tested in Chapter 4 is again considered. The complete specimen had two lateral degrees-of-
freedorn. However, the response was such that the inelastic deformations concentrated near
the base. In this chapter, the possibility of using substructuring to analytically model the elas-

ic upper portion of the systemn while testing the lower portion is investigated,

5.2 Test Descriphion

The test sequence of the two lateral degree-of-freedom system presented in the previous
chapter has been repeated with a substructured modd of the test structure. To formulate a
substructured model, the botlom half of the specimen was retained and the top half of the
gpecimen was modeled analytically. Since the top part of the spedirmen remained elastic dur
ing the entire sequence of the experiments it was possible to model the top half of the
colurnn as a linear elastic bearmrcolurnn element. Therefore, the stiffness of the top pert of
the structure was held constant throughout these tests  Figure 5.1 illustrates the substructured

model.

it must be noted that the experimental specimen cannot be considered as a simple can-

tilever column because, in general, the internal moment and rotation st midheight of the
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complete two degree-of-freedom specimen are not zero. Therefore, to achieve the proper
boundary conditions the experimental specimen in Fig. 5.1 should be subjected to en irmposed
rotation {and moment) at the top. This consideration necessitates the introduction of a rote-
tional degree-of-freedom at the midheight of the column. Therefore, the test specimen has
one translational and one rotational degree-of-freedom to be experimentally controlied. The

control mechanism used is fully described in Secion 5.2.2 .

Generally, in dynamic structural analysis rotational inertial messes are not usually
prescribed to rotational degrees-of-freedom at the ends of members. Thus, the cornplete sped-
men in Chapter 4 was idealized as having only two dynamic degrees-of-freedom. W hen zero
mass is associated with any structural degree-of-freedom, the corresponding natural frequency
is infinitely large. Implicit integration metheds can be successfully used with systerns with
such massless degrees-of-freedom.  However, explicit methods cannot be used, since a
sufficiently srnall time step cannot be found to prevent the solution from becoring unstable.
Thus, the implicit-explicit algorithm was used for all the cases considered for this specirmet.
The analytical part of the system, which consisted of the top elastic columm element, was con-
sidered as an implicit element The experimental specimen was considered as an explicit
element, and thus, a rotational mass was needed at the midheight node of the system connect-
ing the two parts to satisfy the stability eriteria required by Eg. 3.27.

W hen damping is disregarded, the equations of motion for the combined system

corresponding to the degrees-of-freedom shown in Fig, 5.1 become !

[mi G 0 O] {Q1§ i 5 —8 -3 '—SLI {dl] [E;l [ml.!
0™z 00|{8| opr|l =6 6 3L 3L ds 0 My
= = 5.
0 0mgD| | og + E -37 3L 2.7 [?|i6 + M§ = 0 af; ( 1)

00 00|y —3L 3L L? 21310, 0 0
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where

m; , ™y are the translational masses specified for the complete two lateral degree-of-freedom
systern {as in Section 4.2);

m, is the rotational mass of the midheight rotational degree-of-freedom {equal to
5.0 Kip sec® /in);

E,LL are the modulus of elasticity, the morment of inertia, and the length, respectively, of the
analytical portion of the model;

E; is the restoring force measured for the lateral degree-of-freedom 1

M3 is the restoring moment measured for the rotational degree-of-freedom 3.

W ith these considerations the test procedure for each integration step followed the pat-
tern indicated in Fig. 3.6, That ig the explicit displacements d, and @3 were cornpnted and
applied to the experimental specimer; the restoring forces B, and Mg were measured from
the lvad transducers and the "generalized" equations of motion were solved to determine d, ,

dz £ @3 aI).d @4.

522 Test Sdlp anet Instey

HEEEnaAOE )

The test layout of the substructured model is shown in Fig 52 A W6x20 section,
identical to that of the complete two lateral degres-of-freedom columm, was used as the test
specimen. The base support of the cohwnn was also the same The first lateral degree-of-
freedom was atlached to a hydraulic actustor with the sarme connection delzil as in the test of
the cormplete systern A sseond hydraulic achator was attached st a localion on the test
specimen dightly above the fird one in order to irnpose a rotation at midheight of the svstermn
The devig at the end of the piston was bolted to & plate which wes welded at the end of the

extension of the column {Fig. 5.2).

A special detall was febricated to monitor the displacernert and the rofation of the
specimen at the first level (Fig. 5.3). A short cantilevered rod was welded at the center line of

the top flange at this level Two displacernent transducers (LVDT's) were installed to
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measure the displacerments of the base and the free end of the rod. The relative displacernent
of the two transducers divided by the length of the rod gave a measure of the rotation at the
first level. The rotation measurement was used in controlling the rotation at the top of the
test specimen The transducer controlling the lateral displacement of the first level was directly
attached to the base of the rod in order i obtain good accuracy in measuring the specimen’s
rotation. If the same trensducer had besn attached at some other point of the column section
(e.g the web) differential displacernents between the attachment point and the base of the rod
would have likely introduced errors in the rotation measurement that would adversely affect
resulis. 1t should also be noted that it was not necessary for the top LVDT to be aligned with

the center line of the top actuator.

The distance between the hydraulic actuators was 17 inches { 43.1 cm ). To minimize
displacement control and force feedback errors, the gain setings of the actuator controliers
was significantly increased above that used for the complete specimen. In this way, the sensi-
tivity of the actuators was conditioned to maintain about the same speed of displacement

change in this test. Figure 5.4 contains photographs of the experimental setup.

523 Test Sequesce
The specirmen was subjected to the sequence of exdtations shown in Table 4.3. At first,

the specimen was subjected to a free vibration response generated by a pulse load of acoelera-

tion 200 in/sec? { 5.08 én—g ). The ¥l Centro 1940 N'S accelerogram was then applied, with

the accelerations scaled accordingly to obtain (i) linear elastic response, (i} "strength” level

response and (iii} inelastic "ductility’”’ level response.
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sl Resudts

{1} Free Vibration Test

Figures 5.5(a) and 5.6(a) illustrate the time histories of the lateral displacements of the
two levels during the free vibration test. In addition, Figs 5.7(a) and 5.8(s) show the time
histories of the rotations at the first and second levels of the system. W e can observe from
these time histories that the second mode of vibration of the system again participated
sgnificantly in the overall response.  Bewause of the addition of the rotational mass at the first
level, &e first natural period was slightly longer than the first period of the complete system.
The first period T was found to be 0.489 sec (vs. 0.423 sec). The second period Ty was equal
to 0.070 sec, which is shorter than the eguivalent period (0.082 sec) of the complete system.
Hence, the dynamic characteristics of the systemn experienced a small change which is attri-
buted to the extra rotational mass. Frictional forees in the system introduced damping in the
response. The equivalent viscous damping coefficient measured from the displacernent time
histories was about 1% of the aritical damping of the first mode.
(ii) Lineer Flastic Response

The elastic response of the systern due to the El Centro 1540 excitation with 0.05g peak
acceleration is shown in Figs. 5.9(a) and 5.10{z). The system vibrated primarily in its first
mode. The mexirmum lateral displacernents obtained were 0.115 in, for the first leve and
.353 in. for the second level. Comparing these resuits with these in Chapter 4, we can

observe that the additional rotational mass had a negligible effect on the latersl displacement
envelope of the systemn
{iii} "Ductility” Level Response

For the "ductility” level eveni, the El Centro accelerogram was scaled to 0.5g peak
acceleration as in the case of the complete systermn.  The spedimen experienced inelastic defor-
mations near the base support. The medmum displacernents obtained were 1.261 in. { 32.0
rmrn ) (Fig 5.11(a)) for the first level and 3.110 in. ( 79.0 mm ) for the top level {Fig. 5.12(a)).

W ben these displacernents are compared to the values obtained from the complete systern, we
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can see that for the first level there is a 23% difference , while for the second (top) level there
is only & 1% difference. Based on the displacernent time history, the fundamental period of
the systern after the test specimen yielded was found to be 0.500 seconds. The obseved
differences in the displacement envelopes and the pericd of vibralion are due to the added
rotational mass. However, in the case of the displacernents, the midheight rotational mass
had a negligible effect for the upper level of the system.

Based on the first level displacement history (Fig. 5.11), we can observe an increasing
contribution of the second mode of vibration near the end of the time history. This was not
observed at the first level. Sirnilar behavior has been observed in previous research at Berke
ley [9] and has been attributed to the effects of experimental errors. This phenomenon
securred in this test because of difficuities in predsely controlling rotations This was par
Hally due to the small backiash in the devises In addition, the actuators were connected to
the specimen a small distance apart resulting in strong cross coupling of these actuators Con-
sequently, the actuator forces were very sensitive to deformation errors. These force errors
tend to propagate in the computed response as discussed in Ref. [9] To alleviate this prob-
lem, a greater separation between the actuators and better clevises could have been used. Of
course, numerical methods could also be used to suppress the propagation of erors in the
higher modes. Since this test was in@emded o assess the nurmnerical substructuring procedures,

it was not believed necessary to eiminate these experimental error gffects.

5.4 Analytical Carrdations

1t is believed that the discrepencies between results of the complete structure test and
the substructured test are attributable to the altered dynarnic characteristics maultipg from the
added rotational mass moment of inertia considered at the first level. To confirm this a
series of analyses were performed. The analytical rmodel used in the correlation studies of
the compiete system was also adopted for the analyses of the pseudodynamic tests with sub-

structuring. The DRAIN-2D2 program was again used to srmulate the dlastic and inelastic
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performance of the systern. A rotational mass moment of inertia was added to the midheight
rotational degres-cof-freedom to conforrn with the substructured pseudodynamic model. The

specified viscous damping coefficient was 1% of critical of the first mode.

The displacemnent time histories for the free vibration response of the system to the
pulse excitation desaribed in Section 5.2.3 are illustrated in Figs 5.5(b),5.8(b},5.7(b) and
5.8(b). Excellent agreement was cbtained between analytical and experimental results indicat-

ing that discrepancies were assodiated with the rotational mass

The analytical sirmulations of the elastic response based on the El Centro record are
shown: in Figs 5.5(b) and 5.10(b). Again, there is very good agreement between analytical

and expenmental results

In the simulation of the inelastic response of the systern, the anelytical model inchaded
the spread of yielding by using closely spaced nodes near the eolumn base The model was
still a sirnple bilinear hysteretic relationship. The displacernent time histories of the lateral
degrees-of-freedom are illustrated in Figs. 5.11(b) and 5.12(b}. In general, good correlation
was oblained between the pseudodynamic issts and the analytical simulations. For the first
story response, there are few discrepancies in the amplitude of the displacements near the end
of the time history. These are atiributed to the experimental error propagation effects. The
second mode vibration amnplified the displacerment response toward the end of the record
Mo experimental error effects directly influenced the second level displacement ;| and there is
very good sgreement between the pseudodynamic results end analysis st this location. In
addition, the analytical model experienced a displacerment dnft which was not obssaved in the
pseudodynamic response. This is attrbulable to the simplified hysteretic mode used. The

offset is iess sgnificant in the displacement response of the second level,

55 Added M ses Effecis

The distribution of the inertial masses determines which of the two substructuring aigo-

rithms described in Chapter 3 is most appropriate. W hen the implicit-explicit algorithmm is
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used and rotational masses are needed for the experimental degrees-of-freedom, the natural
frequencies of the structure are slightly chenged as indicated sbove The magnitude selected
for the additional masses is determined by the stability conditions of the algorithm (Eq. 3.27).
Consequently, the change in the natural frequencies is directly related to the integraion time
step which is used. If the integration step is shortened. the additional masses can be
significantly reduced. Therefore, it is possible to minimize the added mass effects by using
small ime steps. However, this will increase the total nurnber of steps required to complete a
cerlain length of excitation Thus, the duration of the test will be increased. If a fast pseudo-
dynarmic systern {which can complete all the tasks involved for each integration step in a very
small real Hme interval) is available, shorter integration steps can be considered without
increasing the total duration of the experiment to unacceptable levels. Thus, these added

mass effects can be considered a trade off between acouracy and convenience.

The added mass effects are also minimized when large analytical substructures are con-
sidered. If the complete systerm hes a large mass distributed over a number of degrees-of-
freedomn, the added mmasses required al the boundary degrees-of-freedom should not influence
the dynamic characteristics significantly. Consequently, the dominant natural frequencies of
the overall systern should not be altered considerably. The consequence of these effects can

be analytically investigated for a particular structure.

58 Comdusions

Based on the results of the experiments of the two-degree-of-freedom systern with sub-
structuring, the following condusions can be obtained :
{1} Substruchuring techniques can be successfully applied to pseudodynarmic testing to reduce
the size of an experimental specimen when the remaining part of the structure can be
modeled snalytically with confidence. Realistic boundery conditions must be congidered for

the structural subassemblages
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(2) The analytical algorithrns which are involved in substructuring gave reliable results in
cormparison with analytical simulations The implicit-explicit algorithm used necessitated
rotational masses at the boundary between the explicit and implidt portions These masses
affected the dynamic characteristics of the structure, The effect was easily calculable and

could be controlled by reducing the mass to an accepiable level,

(3) Based on the results obtained it appears that rotations can be controlled experimentally
with relatively good accuracy. The device which monitored the specirnen’s rotations is practi-
cal and reliable. D uring each test it was possible to record both the command signal and the
measured rotation. The two quantities were identical, thus, verifying the reliability of the

rotational control. However, good equipment and instrurnentation is required.

{4) Due to the short distance between the two eectro-hydraulic actuators, high gains were
selected in the actuator confrollers fo insure reliable displacement control. If the achaators
were separated by a larger distance, the controller gains could have been reduced, 1t is recom-
mended that, in similar tests, the interaction of the actuators should be reduced in order to
minimize forcefeedback errors resulting from displacerment conbrol errors This can be

achieved by selecting a bigger lever arm at the location at which the rotation is controlled.
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CHAPTER &

SUBSTRUCTURING METHODS
FOR INTERNAL EQUIPH ENT IN STRUCTURES

8.1 Introduction

Severe seistiic events may cause darnage to mechanical equipment and other nonstruc-
tural components which are mounted on struchures. Contained equipment in earthquake-
Ioaded structures may experience accelerations much greater than those in the primary strue-
ture [29). For design purposes it is important to evaluate the effects of the equipment
struchure interaction on the behavior of the eguipment Sheking table tests of equipment-
structure systems may be very expensive to perform, since the cost of the primary structure
must be induded in the experiment. In addition, it may not be possible to use significantly
reduced scaled models in such fests if one is interested in assessing the adequacy of attach-
ment or other details. W hile pseudodynarmic tests would permit {ests of components at full-
scale [8,7], one still encounters the cost of constructing the entire equipment-struchure system
However, if substructuring techniques are used in conjunction with pseudodynamic testing,
the dynamic and mechanical respoense of the equiprnent can be evaluated without the need for
constructing the structural system. According to the substructuring concept, an analytical
model of the primary structure may be formed which interacts with the pseudodynamically
tested equipment specimen. Therefore, the experimental behavior of the equipment under a
prescribed earthquake excitation can be examined without the need to construct a physical

specimen of the confaining structure,
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Clearly, the type of specimens tested in this fashion must be carefully considered For
example, the component to be tested should possess a limited nurmber of degrees-of-freedom,
have mass concentrated at a few locations and be insensitive {o viscous damping and rate
loading effects In additicn, the eqguipment should be rigidly connected to the structure since
giding friction may be rate sensitive. However, many types of mechanical equipment and
nonstrutural components might be fested. In particular, perforrnance tests for methods of
atfaching equipment can be performed in this manner as can tests of components that are

sensitive to relative displacernents and accelerations

Related work has been done at the University of Tokyo [30] for a special problem
involving evaluation of retrofitting methods for attaching single-degree-of-freedom equipment
in nuclear reactors. This approach is exiended in this chapter to more complex systems and
the theoretica! considerations are generalized. In addition, the resuifs of a pssudodynamic
test of an equipment-structure system are presented and correlated with analytical predictions.

Conclusions are also given about the effectiveness of the method.

8.2 Inpiemerdation M ethod

In this section we will exarnine the numerical implementation of substructuring concepts
to pseudodynamic tests of egquipment-structure systems or other sirnilar types of grouped
subassermblages,  These systerns possess distinct festures which differentiate them from sys

terns of the type described in Chapter 5 :

{i) The support of the experimental specimen does not represent ground condiions The
tested equipment is attached to a fivor of the prirmery structure (Fig 8.1). Therefore, the
equipment support motion, i.e. the foor response, is not a prescribed acedleration history, In
fact, the response of the floor is an unknown guantity which is cormputed al every step of the
inlegration process. In addition, when rmultiple pleces of equipment are attached to different
floors of the structure (Fig. 6.2) (or when a piece of equipment is attached to several locations

in the structure), their bases have different acceleration time histories
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{ii) During a real earthqueke-induced structure exditation, the floors may displace and rotate
in any direction. 1t is diffirult to snulate the cornplex motion of the equipment support in
the laboratory. Therefore, the experimental specimen is supported with a fixed base and the

redative displacernents are imposed on the equipment with respect to the support movernent

{Fig. 8.1}.

W ith these considerations in mind, we can proceed with the mathematical forrmulation
of equipment-struchure substructuring methods. To simplify the following development, we
consider a one-story structure with 2 single piece of equipment mounted on it as shown in
Fig. 8.3. The equipment-structure interaction is assumed {o ocour in a three-dimensional
space. Thus there are six degrees-of-freedom assigned to each nodal point. The displacermnent

vectors of the two nodes are given by the vectors & and & for the structure and the eguip-

rment, respectively, where

di df
dz d
dd as
L J— e
ag = d;i and if - df
dg dg
dg £

D uring a pseudodynamic test, the structure is represented by an analytical rnodel and the base
support of the equipment is assumed fixed To obtain realistic deformations for the test
specimen, relative displacernents (&) with respect to the structure’s displacements {d') at the
attachment point st be impesed on the equipment node. The relative displacernent vector

&is given by the formuls,
F=&~-T & (6.1)

where T is a2 endormation malrix

To evaiuate the transformation matrix T, consider the sets of displacements & and «f of

points Py and P, respectively {shown in Fig. 6.4} located at the ends of a rigid chord.
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Assuming small displacements, the displacernents «f of point P, due to a given set of dis

placements o' at P, are found to be:

ufz"*"zl"'(ze"z;)%“(’yz‘“%)i% 8.2}
U =1l - (2g -z Jub + (2o~ 25 Yok (6.3}
uf =g+ (yp—yr ) ub - (22 -z Yy (6.4)
ug = ul (6.5)
Uy = gy (6.6)
u = ug {6.7)
or in matrix form,
¢ =T o 6.8
where
1 00 0 (22—21) ”{yz""y;)
o010 —{zp~z,) 0 {zo—z,)
oo 1 Gew) —A(zezy) 0
T =100 1 0 0 (6.9)
DO O 0 1 0
000 0 0 1

Substituting the transformation matrix T back into Eq. {6.1), we obtain the values of the dis-

placements which are imposed on the test specimen

D uring a pseudodynamic test the base support of the equipment is fixed. However, the
support node is treated as a free node in the equations of motion. Therefore, in the equations
of rmotion, all the degrees-of-freedom which are assigned to the support node are active and,
in general, they have nonzero displacement values. These displacements are the support dis-
placements induced by the earthquake excitation and Eq. 6.1 is used to determine the dis

placerments to be imposed on the equipment.
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In addition to the trensformation of displacements eppropriste adjustments rmust be
made to the restoring force values obtained from the spetimen before they are fed back into
the eguations of motion. The effect of the specimen on the suppert degrees-of-freedom can
be evaluated by translating the restoring forces applied to the specimen to the support node.
The forve translation matrix is found from static equilibrium relations Considering Fig. 8.4
again, if the set of forees F? acts on point Py, it is found that these actions are transferred to

point P, according to the following small displacerment transforration :
Ft =T F {6.10)

where T is the previously defined displacement transformation matrix Therefore, the restor-
ing force vector of the attachment degrees-of-freedom is a combination of two factors : (i) the
transformed restoring forees applied to the equipment and (ii) the analytically computed
restoring forces contributed by the analytical model.

As a consequence of these differences, new operations must be added to the nummerical
pseudodynamic algorithim: which controls an experiment.  Figures 6.5 and 6.6 show the
modified flow diagrams for the N ewmark explicit and the implicit-explicit algorithms, respec-

tvely.
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The N ewmark explicit algorithm (Fig 6.5) involves the following tasks :

The displacements (&) of all the degrees-of-freedom at the current time step are

evaluated based on parameters of the previous step.

The relative displacements (d“ﬁl) of the equipment with respect to the support degrees-
of-freedom are caloulated from the sbsolute equipment displacements (d%,) and the

translated displacements of the support (T'd ).

These relative displacements are imposed on the equipment specimen and the restoring

forces (R;F)) are measured by load transducers

The restoring forces of the support degrees-of-freedom (R,-fi) are computed by combin-
ing the analytically determined internal forces due to the deformation (df,) of the

analytical substructure with the transformed equipment restoring forces {TT#,%,).

The restoring forces of the remeining degrees-of-freedom of the analytically rmodeled

structure are computed.

The accelerations and the velocities of all the degrees-of-freedom are cornputed using the

bagic N ewmark procedure.
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The implict-explict elgorithm performs the following operations :

() Explicit displacements df, and af,, are calcutated for the equipment and the support

degreesof-fresdom

(ii} The relative displacements (&TH) of the equipment with respect to the support degrees-
of-freedom are calculated based on the absolute equipment displacements {d5,) and

the trandated displacements of the support (Tdf,).

(iii) The relative displacernents 4%, are imposed on the equipment specimen and the restor-

ing forces (R.F,) are measured by load transducers

{iv} The restoring forces R,7, are translated to the support degrees-of-freedom.

{v) The generalized force vector is cormputed as before based on excitation, inertial and

damping parameters in addition to the experimentally measured restoring forces.

(vi) The analytical stifiness matrix for all the substructured elements is computed.

(vii) The solution of the simultaneous equations K* &., = F\, gives the displacement vec

tor of all the degrees-of-freedom.

(viii} Finally, the acceleration and velodity vectors are computed for all the degrees-of-

fresdom
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Cormaments ©
For simplicity, the algorithms presented above were formmilated for equipment with a
sngle node. The same basic algorithms may be used to test multiple-node equiprnent speci-
mens. Figure 6.7 illustrates an example of a multiple-node equipment specimen, which can
be te-‘sted pseudodynarmically using substructuring for the supporting structure. D uring the
test, the mathematical operations involved in the computation of relative displacernents and

the translation of forces rmust be performed for the two nodal points plictured in Fig. 8.7

Similarly, equipment-structure substructuring methods can also be used for testing the
upper stories of a structure pseudodynamically when the lower stories are modeled analyti-
celly. Figure 8.8 demonstrates the application of this coneept to a three-story shear building.
The upper story is tested pseudodynamically as a specimen with a single lateral degree-of-
freedomn, while the bottorn two stories are modeled analytically. These methods can also be

extended to cases where the equipment is attached to the structure at more than one location.

W hen the supporting structure becomes large enough to require excessive storage capa-
city or cormputational effort, non-active degrees-of-freedom can be condensed out. This is
especially useful where structures remain elastic or inelastic deformations are concentrated in

a few locations.

6.3 Verificedion Tests
83.1 Test Deseiplion

Verification tests were performed to exarmine the reliability of equiprment-sbructure sub-
structuring metheds. The equipment-structure assemblage selected is illustrated in Fig. 6.9.
It consisted of a cantilever equipment specimen rmounted on top of an x-braced bent. The
structure is derived from one tested in Reference 2. For simplicity inn this example, it is
assumed that the structure should remnain elastic during the excitation. The equipment and
its attachments could, however, yield The braces of the frame were modeled by analytical

elastic russ elements. The columns and beams were analytically modeled by elastic beam
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dements. The member sizes are given in Table 6.1.

Table 6.1 - M ember Sizes

M ervber Ho Desoipiion

Columns 3,4,5,6 Tube 8 in. {outer diameter) x 0.158 in. {thickness}

Beams 1,2 W 10x 22 wide flange section
Bean 7 Tube 2.5 in, X 0.048 in.
Braces 1,2 Tube 2.5 in. x 0.049 in
Braces 3,4 Tube 3.0 in. x 0.083 in.

1t was assurned that the braced bent carried a concentrated weight of 40 kips at the top. No
gravity and P—A effects were considered. The experimental specimen was represented by a
W Bx 20 section, which was 48 inches (121.9 cm) long. The base of the W 6x20 seclion was
welded to a steel plate which, in tum, was boited to a reaction block It was assumed that the
test specimen carried a concentrated weight of 1.0 kip at its top end. Therefore, the experi-
mental specimen was considered a single-degree-of-freedomn cantilever column. The colurmn
was tested horizontally so that gravity effects were not taken into account. Figure 6.10 illus-
trates the layout of the experiment. The displacement of the top end of the column was mon-
itored by an external LVDT. The restoring force of the spedimen was measured by a load cell
which was mounted on the piston of the actuator. Two tests were performed with this sys

temm. The results of these tests are presented in the subsequent sections.
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83.2 Substrurhring Vormedation
The foliowing idealizations were made in the analytical model of the braced bent .
{i} The ground supporis of the columns were assurned to be fixed
{ii) The diagonal braces were connected to the columns with a pin connection.
{iii} The connections of the colurmns with the beams were moment resisting.

{iv) The bearns were assumed to be axially rigid. Therefore, the ends of these mernbers had

identical horizontal displacements at each integration step.
{v) The vertical degrees-of-freedom of all the nodes were constrained.

Based on these sirmplifving assumptions, the braced bent model had seven degrees-of-
freedom {Fig. 6.8(b)). The rotational degrees-of-freedom 4,57 and B and the translational
degree-of-freedom 6 were not assigned any mass. Therefore, the implicit-explicit numerical
algorithm was selected to control the pseudodynamic test. The memnbers of the braced bent
were treated as the implicit dements and the experimental specimen was considered as the
explicit element. As shown in Fig. 6.9(b), the boundary node of the experimental specimen
and the analytical substruchure, 1.e. node 2, was allowed o trandate and rotate in the plane of
the frasme. Since the rotational degree-of-freedom lies in the interface of the two subassermr
blages, a rotational mass was assigned to node 2 in order to satisfy the stability conditions of
the implicit-explicit algorithm The specified rotational mass was 5.0 k sec” in to achieve a
reasonable integration time step. All the members in the frame were assumed to remain elas
tic throughout the tests. Therefore, the stiffness matrix of the analytical substructure was not

modified during the integration process.

(i} Free Vibrution

The eguipment-structure systern was subjected inifially to & free vibration response. A

ground pulse of acceleration magnitude 200 in/sec® was applied to the braced bent. The
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displacement time histories of the top level and the equiprnent relative to the ground are
ghown in Figs. 6.11(a) end 8.12(a), respectively. The maximum displacements oblained were
0.147 in. (3.7 mm) for the top level and 0.182 in. (4.6 mm) for the equipment. There is no
observable decay in the amplitudes since the only damping introduced in the system was that
caused by the frictional forees in the experimental apparatus. This damping effect was neghig-
ble in the response of the bent and it did not affect the response of the equiprment
sgnificantly. The relative displacernent history of the equipment with respect to the top level
is plotted in Fig. 6.13(a). These displacements were the ones actually imposed on the speci-
men. The contribution from the second mode of vibration of the systern is apparent only in
the relative deformation of the equiprment. However, no growth of the second mode response

was observed, since the experimental errors were minimal.

(ii) Earthquake Excitation
The systern was subsequently tested using the El Centro 1840 NS accelerogram, which

was scaled to 0.4g peak ground acceleration,

To simplify the subsequent analytical correlations, the excitation was selected such that
the equipment remained elastic. This is not a necessary restriction for the technique. The
displacement time histories of the equipment and the top level relative io the ground are
shown in Figs 8.14{s) and 6.15(a). The maximum displacermnent obtained for the equipment
was 1.168 in. {(29.7 mm). The maximum displacement of the deck level was 0.856 in (24.3
mrn). In addition, the relative displacernent tirme history of the equipment with respect to the
deck level is shown in Fig 6.16(z). The mazimum relative displacement of the fop of the
specimen with respect to its base was found to be 0.248 in. {8.3 mym). Larger amplitudes in
the negative displacernent direction can be observed in the later portions of the displacernent
time history. This is attributed to the imperfect base flexibility conditions ; the flexibility of
the base was larger in that direction. Ideal "fixed" base conditions are usually difficalt to

obtain in an expenment
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634 Armsiviical Cordelions

Very good agreement was obtained between the results of the experiments and analytdcal
girnulations of the response of the systern under the same ground exritations The experimen-
tal specirnen was idealized as an elastic column dement. The braced bent riodel was identi-
cal to the one used as the substructured subassernblage of the experiment. The free vibration
response of the analylical model is shown in Figs. 6.11(b}, 6.12(b} and 8.13(b). The analytical
simuiation of the response due to the El Centro excitation is shown in Figs. 8.14(b),6.15(b)
and 6.16{(b). Table 8.2 lists the maximum displacernents obtained from all the tests and the

analytical simulations

Table 8.2 M aximum Displacements

Equipiment
Taop (in)
Relalive to Base (in) | Relative to Ground {in)

g § Test 0.041 0.182 0.147
= B

2| Anal 0.042 0.182 0.147

é Test 0.248 1.188 0.956

[0}
= | Anal 0.204 1.133 0.955

The small difference observed in the relative displacements of the equipment with respect to
its base is due to the flexibility of the support in the experimental setup. In the analytical

sirndations ideslized "fixed"” support conditions were used.
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8.4 Coorlusions

The results of the pssudodynamic tests of the eguipment-structure systemn described in
this chapter demonstrate the practicability and efficiency of substructiring methods in assess-
ing the seismic parformance of equipment and other nonstructural components Furthermore,
the sarme methods can be used to test structural subassermnblages which are not directly
attached to the ground

The good correlation of the analytical drmiations and the experimental results has
shown that such experiments can be controlled accurately and reliably in spite of the fact that
relatively small displacemnents may be imposed on the test specimen.

It is dear from the test that it is difficult to perfectly fix equipment to the structure.
Thus, analytical idealizations assuming rigid connections may result in erronecus results By
testing the entire equipment-support assernbly pseudodynamically, a rmore realistic represen-

tation of the equipment-structure interaction can be obtained,
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CHAPTER 7

NONLINEAR SUBSTRUCTURING

7.1 Inbroduction

The epplications of substructuring concepts to pseudodynarnic testing are further exam-
ined in this chepter consdering subsbruchured subassernblages which exhibit nonlinear
behavior. In the previous chapters, the substructured subassernblages were modeled with elas-
tic elements : {i) in Chapter 5, the top part of the two-degree-of-freedom structure was
modeled with an elastic bearn-colurmn element, and (ii) in Chapter 6, the braced frame was
represented by an assernbly of elastic bearn-column and truss elements  In this chapler, non-
linear hysteretic elements are used to model the inelastic behavior of the substructured
subassernblages in a steel freme. The behavior of the frame o a specified ground moticn is
examined by testing part of the frame pseudodynamically and modeling the hysteretic
behavior of the remaining compoenents with inelastic elerments. The results of this experiment
are compared with analylical sirmulaions io evaluate the reliability and practicability of
applying nonlinear substructuring to the pseadodynariic test method. Recormmendations are
offered corncerning the needs for enhancing and extending the inelastic analytical elements
which may be integrated with the cumrent substructiring options. In addition, this experiment
is carried out using the standard explicit integration procedurs, rather than the irmplicit-

explicit methed used in the previous tests,
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7.2 Tesl Descriplion

7.2.1 Frame Desaiplion

A smple three-story  steel frame was used as basis of the test systern. The steel frame is
shown in Fig. 7.1. To smplify this example, it consisted of a one bay shear building Each of
the three stories was 96 inches (243.8 am) high. For dynamic analysis purposes with horizon-
tal ground excitation, the prototype structure was idealized as having three lateral degrees-
of-freedom as shown in Fig. 7.1, The masses are concentrated at the story levels The bearns
were assumed to be rigid. The columns were W 6x20 wide flange sections and they were
aligned with their weak axis perpendicular to the plane of the frame. Table 7.1 lists the mass

and elastic stiffness characteristics of each story.

Table 7.1 - Frame Characteristics

Sty N W aght (kips) | Elastic Stiffness (kAn)

i 2.0 16.48
2 2.0 10.48
3 4.0 10.46

During the test, the top two stories were modeled analytically and the bottom story was tested
pseudodynarnically, W ith an inflection point at the midheight of the first story, the experi-
mental specimen was reduced to a single degree-of-freedom cantilever column. Figure 7.1

illustrates the test specirmen and the substructured subassernblage.
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Three lateral degrees-of-freedom were considered for the combined systemn.  Each
degree-of-freedom was assigned a concentrated mass No viscous damping was specified for
the systern and P--A effects were disregarded. Based on these considerations, the equalions

of motion for the combined systemn are

Loy 0 o 1 ety ] 1 mel Fed [
0 mg O ofa | + | RE| +2 | O] =—| my| of,, (11)
O b my ay 4 0 Mg

where

m, , Mg and mig are the masses of the fioors given in Table 7.1,

Rﬁ 4« 1S the restoning force of the first story column measured directly from the experimental
specimnen when subjected to a displacement of 0.5 d1,,

R{,. R4, and R4, are analytical restoring forces computed based on the calculated inters
tory drifts and the hysteretic model assumed for the story.

Since there are no massless degrees-of-freedorn, the N ewmark explicit algorithm could
be used as the integration method. Figure 7.2 illustrates the tasks which are performed dur-
ing each time step of the integration process First, the displacement value of each degree of
freedom is computed based on the displacernent, velocity and acceleration values of the previ-
ous time step. Restoring force values are then computed from the experimental specimen and
from the inelastic analytical models of the substructured stories From the story displace-
ments we can compute the drifts of each substructured story. Based on the drift values, the
restoring forees of the substructured stories are calculated from the inelestic analytical model
{See Section 7.2.4). These forces are fed back to the equations of motion. The computed dis-
placement of the experimental specimen is imposed on the cantilever column and the restor-
ing foree of the colurmn is measured by the losd transducer. This restoring foree is then also
inserted in the equations of motion and the acceleration vector of the current time step is

finally computed. The entire process is repested for each integration time step.
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72.3 Experinental Seup

The pseudodynamic test setup of the first story column is shown in Fig. 7.€. The sped-
men, a WBx20 wide flange section, was tested in its weak axis direction. One hydraulic
actuator was used to impose specified displacements at the top of the column. A load trans-
ducer was attached to the piston of the actuator to measure the restoring force of the test
specimen. The specimen was connected to the actuator with a clevis No moment was
imposed at the top of the specimen since this point simulated the inflection point of the first

story column. The displacerments were controlled using an external displacernent fransducer

(LVDT).

7.2.4 Inclestic Analytical M odd

The inelastic behavior of the top two {substructured) stories was modeled by means of
the M enegotto-Pinto nonlinear model. The hysteretic pattern of the M enegottto-Pinto model

is shown in Fig. 7.3. The governing equations for this behavior are

E=bd+ %—S—f%)[&; (7.2)
where
7= f;. (7.3)
d= j'z— {7.4)
k = -%— (7.5)

Equation (7.2) is used when tensile or compressive loading occurs The loading curve is
defined by the initial elastic stifiness k, the strain hardening stiffness bk and the curvalure
parameter 7. Unloading occurs on a straight line with slope equal to the initial elastic
stiffness k. After a perrnanent plastic deformation is incwrred, the displacement eontrol

parameters are shifted by this amount The M enegotto-Pintc model was selected for the
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substructuring ideatization because it was smple and could still reasonably simulate the ine-
lastic hysteretic behavior of the steel colurnns used. Of course, the accuracy of the results are

limited by the accuracy of the inelastic model used.

The test systern was subjected to a single earthquake excitation. The inelastic behavior
of the frame was exarnined consdering 10 seconds of the 1940 El Centro (NS} ground motion
scaled to 1.0g peak accelerstion. The parameters which were selected for the substruciured
stories are listed in Table 7.2, The same table also lists the parameters which were selected in
modeling the experimental specimen for the analylical correlations which are described in

Section 7.4

Table 7.2 - M odeling Pararmeters

Story Experiyerd Analytical Shrradaficn
No. | k(i) | &G | B | ¢ || ki) a6 | g | r

i - - - - 8.98 1120 0.15 1.5
2 10.48 1.0BY 1 008 | 2.0 10.46 1.087 0.08 20
3 10.486 1.067 | .08 | 20 10.48 1.087 0.08 2.0

The displacement dme histories of the three degrees-of-freedorn are shown in Figs. 74,7.5
and 7.6. The maxirnum displacements obtained during the experiment are listed in Table
7.3. The corresponding values from analytical simulations are shown in the same table, too.
Additionally, the story shear vs interstory drift relationships for all three stories are illus
trated in ¥igs. 7.7{a).7.8(a) and 7.9(a). The experimental specimen experienced significant

inelastic deformations as demonstrated in the hysteretic behavior of the first story. The
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second story acquired a perrmnanent plastic deforrnation which is shown in the shift of the
corresponding hysteretic loop. The experimental results are next compared to analytical

simulations to verfy the reliability of nonlinear substructuring techniques.

74 Analytical Correlalions

Excellent analvtical corrdations were obtained for the pseudodynamic test results. As
shown in Table 7.2, the top two stories were modeled with the same parameters which were
used in the pseudodynamic tests T he selected parameters for the first story are also shown in
Table 7.2. The displacernent time histories of the three stories are plotted in Figs 7.4,7.5 and
7.8. Good corrdations were obtained for all three displacement time histories  Furthermore,
the shear vs drift hysteretic loops are plotted in Figs 7.7(b),7.8(b) and 7.8(b). The hysteretic

loops matehed very well with the pseudodynamic test results

25 Conclumions snd Recormrendalions

The results of the pseudodynarnic tests with nonlinear substructuring indicate that sab-
structuring techniques may be applied with confidence fo structures with substructured
subassernblages which involve changes in stiffiness during an experiment. Hased on the results

of the experimenis described in the previous section, additional conclusions can be oblained :

{1) W hen noniinear subassemblages are modeied analytically, it is not necessarily effiient to
condense the analytical degrees-of-freedom to the experimental boundaries The state deter-
mination for each inelastic analytical element must be performed at every integration step
and appropriate changes, if any, rmust then be made to the analytical stifiness matriz 1f sach
changes in stifiness occur frequently, the condensation process may increase the cornputation

Hrrie by more than it ssves.
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(2) Viscous damping did not play an important role in the behavior of the three-story frame,
The energy losses due to frictional forces in the experimental setup were negligible compared
to the hysteretic energy dissipation of the specimen. This is readily seen from the correlation

of the results between experiment and analysis.

{3} The standard explicit integration appears to work well. It has the added convenience that
the algorithm does not need the stifiness of the analytical substructures. Thus, models such as
these based on the M enegottc—?intp formudation, can be used without the complexity of form-
ing the stiffness matriz. If the stifiness formulation is more convenient, the restoring force
can be represented by conventional incremental load procedures based on tangent stifiness
The moddling capabilities of substructured subassemblages can be greatly enhanced by
expanding the current substruchuring element library. Since the accuracy of substructuring
techniques is directly related to the realisrn of the mathematical models which are used in the
representation of structural components, future developments should indude these tasks as

well.
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CHAPTER 8

CONCLUSIONS

8.1 Surmmery

The fundamental theories regarding the application of substructuring concepts to pseu-
dodynarnic testing have been examined. The basic algorithms for substructuring have been
developed and discussed. The Newmark Explicit and the Implicit-Explicit nurnerical integra-
ion methods have been considered and guiddines for their proper use were given. Studies
were performed to assess the characteristics of experimental error propagation on the sub-
structuring algorithms  Verification tests were performed to test the reliability of the
developed substructuring techniques. In these tests, both elastic and ineastic structural
subassermnblages were considered. Experiments were also performed to demonstrate the appli-
cation of substructuring techniques to pseudodynarnic tests of mounted equipment on stric-

tures  The results of pseudodynamic experiments correlated well with analytical smulations

8.2 Concdusions

The results of this investigation have shown that substruchuring techniques can provide
reliable means to combine analytically modeled subassernblages with pseudodynarnically
tested specimens. Substructuring concepts are praciical and efficient to implement in pseudo-
dynamic experiments and they provide significant economies in the experimental investiga
Hon of structural sysems Furthermore, the versatility of the substructuring idess is dernon-
strated by their broad spectrum of applications in the pssudodynarmic test method. In addi-
ion to conventional structural subsssernblage tests, equipment and soil-structure interaction

pseudodynamic investigations were shown to be feasible by means of substruchuring.
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The substructuring techniques considered were based on well-established numerical
metheods. The characteristics of the integration slgorithms are well knowry, thus their proper
use can be achieved withoul numerical stability problems  Since analytical subassemblages
are not associated with experimental errors, substruchuring technigues were shown to reduce
experimental error propagation effects as compared v pseudodynamic tests of complete struc-
tures. Therefore, the spurious growih of the higher frequency modes in multipie-degree-of-

freedorn systems can be imited substantially by vse of substruchuring,

T conclusion, the findings indicate that when realistic analytical moddls are used for the
abstructired subassernblages, substructuring techniques in psendodynarnic testing constitute

a very powerful tool in the experirmental investigation of the selsmic performance of structural

systems

2.3 REemrmoendelions

As mentioned in the previous section, reliable resulls can be obtained provided realistic
analylical moedels are used for the substructured subassemblages. Therefore, more and better
analylical glements need to be incorporated in the available pseudodynarnic systemns to pro-
vide greater versatility and reiiability in modeling substructured components. Furthermore,
optirnization of the computationa!l schemes involved in the substruchuring algorithms will
contribute significantly in increasing the spesd of & pseudodynarnic test If this is achieved,
smnailer integration trne steps may be selected withoul unduly prolonging the test. This is
especially important in the implicit-explicit methods s that any artificially added mass at the
boundaries can be made significantly small,

As mentioned in Chapter 2, in some cases, the interface of the test specimen and the
modeled substructure may reguire & large number of degress-of-fremdom, which renders the
experiment difficdlt and ineffcent to control However, it may be possible for certain sys
terns to srmplify the interface conditions withowt significantly affecting the overall behavior of

the test systemn. Further research is needed to investigate whether certain boundary degrees
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of-freedom can be disregarded and allow for a bigger variety of structures {o be tested
effriently by means of substructuring techniques In addition, improvement of displacernent

and rotation contro! mechanisms may further reduce experimental errors
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APPENDIX A

Desription of the Berkeley

Al 1 Testing Fasdlities

A pseudodynamic test systern, which is capable of controlling six degrees of fresdom
sirmultanecusly, has been installed at the University of California, Berkeley. (Fig A.1). The
systern uses standard controllers and double acting electro-hydraulic actuators to impose dis
placements calculated by the computer (Fig A.2). Ramp generators are programmmable 12-bit
digital-to-analog (D A) converters which trensform digital displacement commands from the
computer to analog voltage signals. The voltage signals are transmitted to actuator controll-
ers. The displacements are monitored by displacement transducers of the types shown in Fig.
A.3 . The struchural restoring forces are measured by load transducers mounted on the pis
tons of the hydraulic actuators (Fig. A.4) . Additianaﬁy‘ a high speed data acquisiion unit is
used to scan a maximum of 128 data channels in 8.4 milliseconds {Fig. A.5).

Tweo digital interaclive plotters are also provided to plot individual or combinsd dala
channels (Fig. A.8). Plotting is possible during a test {for a more detailed observation of the

response of the test struchure) as well as after a test (for data reduction purposes)

AlZ Softsrare

Computer software have been developad to support a pseudodynamic test which can be

performed with the apparafus described in the previous section. The software consists of two

major parts :
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{i) The M ain Control Program and (ii} The Substructuring Program

Each part is assembied by a number of modules which are interrelated by a cormnmon

data base. The main features of each major part are described in the following.
1. MAIN CONTROL PROGRAM

T he pseudodynamic control prograrn consists of two parts @ {i) the operation mode and

{ii) the test mode. Each rmode includes the following functions :
1.1 Operation Mode
The operation mode performs the following
{i) Calibration of measurement instruments.
(i) Initializetion of test parameters:
{a) Number of structural degrees-of-freedom considered
(b} Coefficients of mass and damping matrices
{c} Perameters for the integration algorithm
{(d) Ramp speed
{iii} M easurement of the stifiness of the test structure.
{iv}) Entering the test mode.
{(v) Unloading of the test specimen.
{vi} Reduction and plotting of acquired test data.
1.2 Tesf Hode
The test mode performs the following tasks :
{i} Integration of the equations of motion
{ii} Control of structural deformations

{iii) Recording of experimental data at each step
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2. SUBSTRUCTURING PROGRAM

The substructuring program is used for the spedification of the dynamic characteristics

of the analytical substructures. It consists of three parts : (i) the input module, (ii) the assern-

bly module and (iii) the inelastic element module. The three modules are described below :

2.1 Mput Modile

The input module is used for the specification of necessary information assodated with

the analytically substructured subassernblages. T his information consists of the following :

i)

(i)
(iii)
(iv)

)

{vi}
{vii)

(vi)

Nodal coordinates of the entire test system

Boundary conditions of the analytical subassemblages

Spedification of nodes with identical dispacerments

Specification of elastic elements :

The dastic dement data are given in groups of the same type of elements.
Two groups are currently available : {a) bearn-column members and (b) truss
meambers. For each group the following data are entered by the user:

{a) Number of different types of stiffnesses

(b} Individual stiffness properties

{c) Elernent generation

Specification of inelastic denent stifiness data

{ Currently, pararneters for the M enegotto-Finto model can only be given }
Lumped mass data for all the degrees-of-freedom carrying inertial masses
Stiffness proportional and mass proportional damping coefficients
Specification of nodal pairs for computing retative displacements

{in case of equipment-structure or similar types of tests )
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2.2 Assembly Module

The assembly module reads the data entered by the input module and sets up the neces-
sary arrays to be processed by the test mode of the M ain Control Program. In more detail,

the assembly module performs the following :
(i} Computation of influence coefficients for each degree-of-freedom
(ii) Assembly of mass matrix
(iii) Computation of damping matrix (in case mass proportional and br stifiness
proportional damping is desired }
{(iv) Assernbly of global stiffness mnatrix of the elastic substruchured subessern-
blages
2.3 Melastic Flement Modules
These modules are called by the test mode of the M ain Control Program to provide the
restoring forces of the inelastic elernents which are incorporated in the anatytical substructure.

At present, only one module has been programmed which includes the M enegotto-Pinto

moedel.
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{c} Linearly Variable Displacement Transducer (LVDT)

Fig. A.3 Continued Displacement Transducers

i

Fig., A.4 Load Transducer
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Fig. A.6 Digital Interactive Plotter



