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ABSTRACT

This report documents the preliminary series of static and dynamic
tests and the associated analytical work conducted at the University of
California, Berkeley, on the 1/5-scale modelvof a 7-story full-scale
frame-wall structure tested in Japan as part of the "Reinforced Concrete
Building Structures" phase of the U.S.-Japan Cooperative Research Program.

The main objective of this investigation was to assess the state of
the art in predicting the static and dynamic response characteristics of
R/C frame-wall structures at the serviceability limit state,
incorporating both analytical and physical models. The 1/5-scale model
of the 7-story full-scale structure was subjected to static
and dynamic tests in order to measure its flexibility, frequency, and
damping characteristics. These tests were conducted before and after
the mass of the model was augmented by lead ballast in order to satisfy
the similitude requirements for the gravity forces and mass (acceleration)
characteristics of the 1/5-scale model structure.

Evaluating the results of: (1) Static and dynamic tests conducted
on the 1/5-scale model before and after installation of the auxiliary
mass, {2) Similar tests which were carried out on the full-scale structure
in Japan, and (3) Results obtained from analytical modeling schemes and
computer codes commonly used for linear analysis; led to a number of
conclusions regarding the reliability of predicting the initial service-
ability level responses of R/C frame-wall structures through analytical
and physical models.

The main concliusions of research may be formulated as follows:

(1) The global flexibility, fundamental frequency and damping



characteristics of the full-scale structure were simulated successfully,
within 10 percent, by the undistorted 1/5-scale model with auxiliary mass.

(2) The bare 1/5-scale model, prior to applying the auxiliary mass,
which could be considered as a distorted model, had flexibility charac-
teristics more than 100 percent different froﬁ‘those of the full-scale
structure, The proper simulation of the gravity force levels of wall
elements was observed to be a prerequisite in the experimental analysis
of walls or subassemblages of structures incorporating walls.

(3) The analytically qenerated static and dynamic characteristics
of the structure agreed reasonabTy well with those of the undistorted
mode?. The fTexibiTity characteristics of the bare (distorted) model,
however, could not be simulated by the linearly e]astic analytical model,
This was recognized as being due to the inadequacy of the analytical model
to incorporate the significant dependence of the shear modulus of rigidity
of concrete on axial stress.

(4) Although the global static and dynamic characteristics of the
full-scale structure were represented successfully by the undistorted
1/5-scale model, the simulation was not as successful at the member level.
Due to the difference in the shrinkage characteristics of the walls and the
thicker columns, the walls at the base of the bare model were measured to
be under tension, rather than the expected level of compression. The dis-
tortion in the gravity force levels of the walls continued éfter loading
the model with the auxiliary mass and this was assessed to have affected
the responses of the structure.

It becomes apparent that if similitude between the model and prototype
is desired at the initial serviceability 1imit state so that there is no
distortion in the fTexibility characteristics or in the distributicn ahd
redistribution of internal forces of the model, the model microconcrete

iv



should be selected so that its vq]umetric change characteristics, in
addition to other characteristics associated with material response,
are similar to those of the prototype material. Improvements in the
state of the art and particularly in the state of the practice of R/C
reduced scale model construction, were assessed to be necessarv to

achieve better similitude with the prototype.
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1. INTRODUCTION

1.1 General Information

The reseérch reported herein was carried out within the R/C Building
Structures phase of the U.S.-Japan Cooperative Research Program. In
accordance with recommendations made by the U.S.-Japan Cooperative Planning
Group (Ref. 8), a 7-story R/C frame-wall building (Fig. 1.1) was designed,
constructed, and tested in full-scale at the Large-Size Structures Labora-
tory, Building Research Institute, Tsukuba, Japan (Refs. 5,6). Following
the master program envisioned by this Planning Group (Ref. 8), numerous
associated experimental and analytical research programs were initiated in
Japan and the U.S., coordinated by the Joint Technical Coordinating Committee.
Among these were: (1)} Earthquake simulator testsof medium- and small-scale
models of the full-scale structure; (2) Static tests of components and sub-
assemblages from this structure of different scales and complexity; (3)
Analytical studies; and (4) Studies aimed at the correlation of results from
these analytical and experimental investigations carried out at major research
institutions in Japan and the U,S,

In addition to the Reinforced Concrete Building Structures phase of
the cooperative research progfam; Steel Building Structures and Pseudo-
Dynamic Test Method were phases recommended by the pTanning Group which

were subsequently initiated in the U.S. and Japanese institutions.

1.2 O0Objectives and Scope

1.2.1 General Objectives and Scope

The design, construction, and testing of a 1/5-scale true-replica
model of the 7-story, full-scale R/C structure (Fig. 1.1) within an exten-

sive static, dynamic, and earthquake simulator testing program, and the



associated analytical and correlation studies constituted the primary
research effort during the initial phases of the research program in U.C.
Berkeley, conducted within the R/C Building Structures phase of the U.S.-
Japan Cooperative Research Program. The general objectives of the U.C.
Berkeley program were formulated as (Ref. 1): (1) Review and improve
(if necessary) the design of the R/C full-scale test building; (2) Deter-
mine the reliability of predicting the seismic performance of buildings
through the use of available Tinear and nonlinear structural analysis
programs; (3) Determine the reliability of experimental analysis based on
tests conducted on the earthquake simulator facility available at Berkeley;
(4) Determine the reliability of formulating mathematical models based on
experiments conducted on reduced-scale models of the basic subassemblages
of a building, using controlled Toading facilities available at Berkeley,
and predict seismic response based on such mathématica] models; (5) Evaluate
the impTications of the results obtained regarding the seismic resistant
design and construction of R/C frame-wall buildings.

The general objectives'of the Berkeley research were motivated by
the unique opportunities provided by the Cooperative Research Program, in
which destructive testing of a full-scale building structure could be accom-
panied by earthquake simulator tests of true-replica as well as distorted
models of medium- and small-scales, by static tests of different sub-
assemblages of the building of various scales, and by extensive integrated
analytical investigations carried out in the major institutions conducting
earthquake engineering research in Japan and the U.S. Such a coordinated
major research effort was a way to generate answers to basic questions
which the state of the art in R/C earthquake engineering had not yet

provided. These questions were:



(1) How does a current, well-designed, multistory R/C frame-
wall structural system, with a precisely controlled and documented design
and construction, and with a precisely documented history of forces and
deformations, respond to earthquakes of different intensity and damage
potential, ranging from minor to major? What would be the actual stiff-
ness, strength, energy dissipation, frequency, and damping characteristics
of this structure and the changes in these characteristics during the re-
sponses to successive earthquakes? What would be its failure and collapse
characteristics? What would be the effect of different types of non-
structural elements on the responses of such a structure?

(2) Are destructive tests of full-scale structures necessary to answer
the questions in (1)? What is the extent of the applicability of dynamic
true-replica or distorted models of médium; or small-scale in simulating
the different 1imit-state responses of R/C structures to earthquakes?

(3) What are the actual levels of force, deformation, and energy
dissipation demands from different subassemblages of a current, well-designed
R/C frame-wall structure during different 1imit states of response to earth-
quakes? What is the reliability in predicting the seismic responses of the
complete structure based on information derived from static tests of its
components? Are the loading histories commonly applied during component
and subassemblage testing realistic, or are these being over-tested?

(4) What is the state of the art in analytically predicting seismic
responses of R/C frame-wall structures at all the limit states? What is
the correct procedure to advance the state of the art of such analyses?

Is it possible to generate and improve analytical models and analysis pro-
cedures based on static tests of reduced-scale components or subassemblages
of structures, or dynamic tests of small- or medium-scale distorted or true-

replica models of structural systems?



(5) What would be the agreement on basic conclusions of the
different studies coordinated by the Joint Technical Coordinating Com-
mittee and conducted in different institutions? What would be their
assessments of, and conclusions to, the questions in (1)-(4)? Is it
possible to establish international standards in the conduct of experi-
mental and éna]ytical research on the earthquake engineering aspects of
reinforced concrete?

The cooperative research program was not expected to provide thorough
assessments and conclusions to all the questions formulated above, partly
because of the shortcomings of invéstigating just one selected prototype
structure of the many possible variations when multistory R/C frame-wall
structural sy5tems are used, and partly because of limitations of the
pseudo-dynarmic test scheme (Ref. 4) with which the full-scale structure
was tested. The information obtained from the testing of the fulil-
scale structure should not be considered fully adequate to answer
gquestion (1), Especially since the structure was tested along only
one horizontal response direction, idealized as a single degree of freedom
system in establishing its displacement program (Ref. 6), and as completely
fixed at the foundation Tevel to the test floor, the relation of the attained
responses to the actual responses of a structure, with a deformable soil-
foundation system and excited by three-dimensional base motion, should be

evaluated.

1.2.2 Objectives and Scope of this Report

This report will document the pre]jminary series of experimental and
analytical studies carried out to determine the serviceability level flexi-
bility, frequency, and damping characteristics of the 1/5-scale model
structure. The design and construction of the 1/5-scale model has been
documented (Ref. 7). Specially designed and manufactured internal force

transducers were placed in all the columns at mid-height of the first
4



story to investigate the actual distribution of forces at the base of
this highly redundant structure. Information about the model structure
and force transducers is provided in subsequent sections.

The model structure was subjected to: (1) Lateral loading applied
at each floor level; (2) Ambient vibration tests; {3) Dynamic analyzer
tests; (4) Forced vibration tests; and (5) Free vibration tests. The
above were all conducted at a stress level computed to be below cracking,
characterizing the "uncracked” serviceability 1imit state of the structure.
Of course the structure might have experienced some cracking during con-
struction, curing, installation of force transducers, or testing., In
fact, cracking, which was suspected to be especially due to volumetric
changes caused by temperature fluctuations and shrinkage, was observed
within the structure at the completion of the preliminary experiments.

The flexibility, frequency, and damping characteristics of the structure
were obtained from these tests, conducted before and after the mass of

the model was augmented by lead ballast, as required by the dynamic simiti-
tude theory in order to attain a true replica, undistorted model.

The results from the experimental program were complemented by the
results of analytical studies, aimed at the analytical generation of the
experimentally obtained response characteristics of the model. Evaluations
were made of: (1) The internal force distributions at the base, flexibility
characteristics, and dynamic response characteristics of the model obtained
through different experimental techniques, before and after maintaining the
gravity stress level and mass similitude characteristics by auxiliary lead
weights prestressed to the floor slabs; (2) These same static and dynamic
response characteristics but generated analytically; and (3) The correspond-
ing characteristics measured on the full-scale structure.

These evaluations constituted the means of attaining the following

5



objectives: (1) To assess the extentof applicability of reduced-scale

model analysis in bredicting the service level responses of R/C frame-wall
structures. (2) To assess the reliability of predicting the initial
"uncracked " static and dynamic response characteristics of frame-wall
structures through the use of commonly applied analytical modeling schemes
and available Tinear structural analysis programs.

[t is of particular importance that both assessments constituting the
objectives of this phase of research were carried out for the "uncracked"
serviceébi]ity 1imit state of response, during which the "linearly elastic,
homogeneous and isotropic material" assumption is most likely to be applicable.
Both the theo}y of elastic models and theory of elastic structural analysis
are based on this assumption.

It should be emphasized that testing the accuracy of the theory of
elastic models and elastic structural analysis was not within the objec-
tives of this study. These theories would be correct within the validity
of their basic assumptions and postulates. The research objectives were
directed instead, towards investigating whether there exists a limit state
in the responses of an actual R/C frame-wall structure, for which the
theories of elastic models and elastic structural analysis might be applied
to yield reasonable accurate predictions of the mechanical characteristics,

as well as the forces and deformations within the structure,

1.3 The Model Structure

A number of publications have documented the design, preparation of
the materials, and construction of the 1/5-scale model structure (Ref. 7).
The scale of the model was established in order to test the largest pos-
sible true-replica model of the full-scale structure on the earthquake

simulator at EERC, U.C., Berkeley. The maximum weight capacity of the



earthquake simulator, 120,000 pounds, in conjuction with the

gravity load and mass similitude requirements for an undistorted,
true-replica model of the full-scale structure, led to the established
scale of the model. The weight of the model with its foundation, and
with the required auxiliary ballast in the form of lead bricks prestressed
through the floor slabs, was evaluated as approximately 120,000 pounds.

The earthquage simulator, with this Toad, was rated to be capable of
introducing base accelerations in the order of 0.6 g, velocities in the
order of 20 in. per sec., and displacements of 5 in.. These 1limits, pro-
vided that the frequency characteristics of a base motion with high damage
potential may be generated by the earthquake simulator, are considered to
be adequate to induce extensive damage to the model so that its collapse
1imit state characteristics may be observed.

The model was designed geometrically similar to the full-scale struc-
ture tested in Tsukuba, Japan, except for the foundation. The foundation
was designed in accordance with the tie-down locations of the earthquake
simulator, and in order to provide fixed-base conditions with the minimum
possible weight, see Fig, 1.2. The plan and elevations of the model are
shown in Figs. 1.3-1.5, where all dimensions are given in dual units.

In the design of the model, it was decided to use structural materi-
als with similar physical properties and mechénica1 characteristics of
those materials used in the full-scale structure in Japan. The results
obtained in the analytical predictions of the structure's seismic responses
were evaluated with regard to the difficulties in developing model materials
with similar physical and mechanical characteristics of the full-scale
structure, This evaluation indicated that the behavior of the structure

was controlied by the flexural behavior of its members, particularly that



of the shear wall, Furthermore, the inelastic behavior was controlled by
the reinforcement characteristics, rathe} than by those of the concrete.
Thus, it was decided to fabricate reinforcing bars that would be geometric-
ally similar to those of the prototype and that would exhibit similar pfi—
mary mechanical characteristics.

Three types .of main reinforcement were used in the columns, beams,
walls, and slabs of the full-scale structure., These were modeled on a
one~to-one_basis by specially fabricated deformed bars for the column and
beam reinforcement, ahd by wire knurled in the laboratory for the slab
and wall reinforcement. This wire was also used for all ties and crossties.
A1l three types of reinforcement were subjected to heat treatment cycles
until the main characteristics of their uniaxial stress-strain responses
were adequately close to those of their counterparts used in the full-scale
structure. The modulus of elasticity, yield strength, length of the yield
plateau, initial strain hardening slope, maximum strength and the rupture
strain were the parameters which were incorporated in the effort to produce
simi]ér steel response. The comparison of the model and prototype material
responses are shown in Figs. 1.6-1.8, for these three reinforcement types.

Fabrication of the model reinforcément, with the stress-strain simili-
tude shown in Figs. 1.6-1.8, was an expensive and time-consuming undertaking.
These efforts and expenses were justified because a major research objective
was to assess whether the state of the art in R/C model analysis would be
adequate in successfully simulating all the Timit-state responses of the
full-scale structure, as explained in Sec. 1.2. Consequently, no conceivable
measure was spared in order to satisfy the similitude requirements between
the stress-strain relations of the model and prototype reinforcement.

The concrete mix designed for the construction of the model was evalu-

ated for its maximum compressive strength, strain at maximum stress, and
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the secant modulus of elasticity (Fig. 1.9). The unusual gain of
strength after 28 days, as observed from Fig. 1.9, was not expected of the
microconcrete.

The shear modulus of rigidity, Poisson's ratio, tensile strength
and strain capacities, bond, interlocking, decay in interlocking under
stress reversals, and the volumetric changes due to temperature, shrink-
age and creep, are some characteristics of concrete which could not be
directily incorporated into the efforts to maintain similitude. These
characteristics of concrete are known to be consequential in all the
response limit states of frame-wall structures, particularly when the
shear behavior of the wall(s) governs the response. The state of the art
in R/C model construction, however, was evaluated to be incapable of pro-
ducing a microconcrete which would have responses similar to those of a
prototype concrete, considering all the characteristics discussed above.
This was assessed to be a significant Timitation in R/C model analysis,
as will be discussed in subsequent sections.

The reinforcement detailing of the 1/5-scale model was directly
adapted from construction drawings and specifications prepared for the
fuli-scale structure. Typical detailing of the exterior and interior
frames of the model in the main response direction, as well as the detail-
ing of the slabs, is shown in Figs. 1.710-1.12. The force transducers
indicated at mid-height of the first-story columns constituted the only
significant design difference between prototype and model. These trans-

ducers are discussed briefly in the next section.

1.4  Internal Force Measurements

1.4.1 Geéneral Comments and Statics

One of the main objectives in testing the 1/5-scale model was to
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evaluate the state of the art in analytical response prediction, as
discussed in Sec. 1.2. Since the distribution of internal force was
considered as a response characteristic at least as important as the
displacements and distortions of the structure, it was decided to measure
the internal forces of all the first-story columns directly, by using
specially designed force transducers located at the mid-height of the
columns,

Transducers were, therefore, installed at mid-height of all the
10 peripheral columns of the first story, see Figs. 1.4 and 1.5. It
may be observed from the plan of the structure shown in Fig. 1.3, that
if the total shear force along the B-axis of the structure is known, then
the shear force attracted by the main shear wall and the four peri-
pheral walls (along their weak direction) may be obtéined from equili-
brium, As the flexural stiffness of the four peripheral walls along
their weak direction may be assumed negligible, an evaluation of the
shear forces resisted by the columns and the main wall at the base of
the structure would be possible from the shear forces monitored by the
transducers, |

Determination of the total lateral force requires careful consid-
eration. During static tests, the applied lateral forces were easily
measured by load cells. During dynamic tests, however, the accelerations
at all floor levels need to be measured, and the total seismic base
shear then evaluated from these accelerations and the effective reactive
mass of each floor level of the structure. In this proceduré it is
implicitly assumed that the translational mass may be considered lumped
at each floor level., Since the auxiliary mass required to have similar

accelerations in the 1/5-scale model and the full-scale structure was

10



approximately five times the mass of the bare 1/5-scale model, and since
this auxiliary mass was applied by laying a compact layer of lead bricks on
the floor slabs of the model structure, most of the effective translational
mass was indeed lumped at the fioor levels. This will be discussed

further in Sec. 3.1.

Another consideration in evaluating the distribution of the shear
force at the base of the structure during dynamic response, is the resist-
ing force component arising from the damping of the structure. The total
damping force at a certain time instant should be estimated and incorpor-
ated in the equilibrium relations of the structure in order to evaluate
the shear forces resisted by the columns and the wall at that time.

Although the column transducers mav be assumed to render the structure
statically determinate for the evaluation of shear forces at the base, this
is not the case when the distribution of axial force and flexure is con-
cerned. The four peripheral walls have substantial axial stiffness, and
the contribution of the axial forces in these members to the vertical force
and overturning moment resistance at the base remain redundant. These walls,
however, were instrumented extensively by concrete strain gages, which were
useful in estimating the axial forces in these members at the serviceability
Timit state.

A further consideration in evaluating the contributions of different
components to the base overturning moment resistance during dynamic response
regards the estimation of the effective rotational mass characteristics of
the structure. The contribution of mass moments to the base overturning
moment requires the determination of the effective rotational mass and
angular accelerations in addition to the translational mass and accelera-

tions. The effective rotational mass characteristics along the structure
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may be estimated only with uncertainty, while a direct measurement of
angular acceleration is not possible. Angular accelerations are derived
from measured transiational accelerations, and the associated numerical
process is particularly error prone. Consequently, an evaluation of the
contributions of different mechanisms to the overturning resistance of the
structure during dynamic response may be carried out with considerable
uncertainty, even after utilizing the force transducers. The information
yielded by the force transducers, however, was considered to be adequate]y
significaht and necessary for understanding structural behavior, to justify

the time, expense, and effort required to incorporate these in the research.

1.4.2 Desigg‘bf the Force Transducers

Detailed information regarding the design, fabrication (machining,
welding, heat treating, and tempering), electronic instrumentation, cali-
bration, and installation of the forbe transducers are provided elsewhere
(Ref. 9). Brief information provided in this section is in order to dis-
cuss the basic problems confronted in the design and installation of the
transducers as this pertains to the responses of the model structure.

The main criteria considered in the design of the transducers were;
(1) The transducer was required to be sensitive enough and remain linearly
elastic while monitoring the strains induced by the possible lTower ahd
upper bouhds of axial force, flexure, and shear force in the columns and
to enable the simultaneous recording of these internal forces independentiy;
(2) The discontinuity in the stiffness and mass introduced at the mid-height
of the first-story columns was requifed to be sufficiently small so as not
to alter the responses of these elements at any of the response limit
states. Since the stiffnesses of a column would change'during different

response 1imit states while the transducer should remain linearly elastic,
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the axial and flexural stiffnesses of the transducer were designed to
correspond to estimated average values of the corresponding column
stiffnesses.

The resulting design is shown in Figs. 1.13(a), (b), and {(c).Alumi-
num, 6061, withaminimum yield of 35 ksi and a modulus of elasticity
of 10500 ksi, was selected. A hollow tube was welded to two plates,
and the two sides of the tube were machined, as indicated in Fig. 1.13(a),
in order to increase the sensitivity of the transducer in shear. Three
strain gage bridges were used to pick up the strains corresponding to

shear, axial force, and flexure independently (Ref. 9).

1.4.3 Instaliation of the Force Transducers

The scheme devised to install the force transducers is illustrated
in Fig. 1.14, During construction of the model, the column stubs were
first cast up to the Tevel of the transducers, The reinforcement of
these stubs was welded to steel plates, see Fig. 1.14. The reinforcement
of the upper sides of the columns was similarly welded to steel plates,
and the upper steel plates were positioned over the lower plates by means
of four threaded rods, one at each corner of the plates. Dummy steel
tubes were used to substitute for the transducers during the construction
process (Ref. 9).

After construction was completed, the dummy tubes were removed by
raising the top plate approximately 0.01 in., using the four threaded rods.
The transducer subsequently was moved into place, shimmed, and the top

plate Towered back to its original configuration. Hydrostone was applied
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between the column and the transducer plates for even bearing.
After the hydrostone hardened, the four corner rods were completely
toosened, transferring all the force to the transducer whose end plates

were bolted to the column plates by means of eight bolts.
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2. EXPERIMENTAL DETERMINATION OF THE STATIC AND
DYNAMIC CHARACTERISTICS OF THE BARE MODEL

2.1 Axial Force Distribution at the Base

The axial force distribution of the structure, as measured after the
installation of the force transducers,is shown in Fig. 2.1. The trans-
ducers were installed 28 days after the casting of the top story, and
5 months after casting the first floor.

The average unit weight of the model material was evaluated as 144
Ib/cu  ft , after weighing samples of microconcrete and steel reinforce-
ment used in the construction of the model. A computation of the member
axial forces at the first floor level, based on the tributory areas of
the members as shown in Fig., 2.2(a), indicated the forces shown in Fig.
2.2(b).

The sum of the axial forces at the base of the structure are computed
to add up to 18.34 kips,the weight of the structure above the footing.

The sum of the axial forces measured in only the columns, as shown in

Fig. 2.1,1is33.02 kips, indicating that the center shear wall and the four
peripheral walls should be under a tensile axial force of 14.68 kips,
instead of the computed levels of compression.

Assuming that the 14.68 kips s shared by the walls proportional to
their cross sectional area, the peripheral walls and the shear wall would
have a tensile stress of approximately 10 psi. Such a stress was considered
to be possibly caused by the different shrinkage characteristics of the col-
umns and the relatively thinner walls. The distribution of the measured
axial forces in columns adjacent to the peripheral walls are larger than
those in the other columns, which would be the case due to Targer shrinkage
of the peripheral walls than the adjacent columns. The shrinkage coefficient

of the microconcrete was estimated as approximately 750 x 156 in./in., from
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shrinkage deformation measurements of 3 in, x 3 in. x 11 in, sample
prisms taken during casting. Since.shrjnkage is inversely proportional
to the square of the thickness of the member, the walls should be
expected to shrink approximately ten times more than the columns, The
measured stress of 10 psi was, therefore, considered to be easily caused

by the differential shrinkage.

2.2 Measured Dynamic Characteristics

The foundation of the model was prestressed to the floor slab at four
locations and then was subjected to ambient, free and forced vibration

tests before the auxiliary mass in the form of lead “pigs" was added.

2.2.1 Ambient Vibration Tests

The ambient vibration test was carried out by placing two sensitive
seismometers along the two exterior frames at the top of the structure.
These seismometers were calibrated to measure velocity, and were conditioned
by amplifiers capable of amplifying or attenuating and filtering the
outputs of the seismometers. The outputs of the seismometers could be
averaged or subtracted, giving the translational or rotational velocity
at the top floor. The resulting Ve]ocity time-history was fed into a fast
fourier transform spectrum analyzer, which generated the fourier spectrum
of the input time-history. The frequencies for which significant power
(or energy) was indicated on the fourier spectrum were picked up as the
predOminaﬁt response frequenéies of the structure.

An example of the fourier spectrum obtained from the spectrum analyzer
(FFT 512/5 ReaI Time Spectrum Analyzer, Rockland Systems Co., California)
for the main response direction of the structure is given in Fig. 2.3.

It was concluded that the fundamental frequency of the model, when excited
by ambient sources, was 9.75 Hz. The second and third frequencies of the model

may be interpreted as 29.5 Hz, and 43,13 Hz., from this figure. These
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frequencies are observed to contain significantly less power than the
fundamental frequency.

The fundamental frequency in the transverse direction was measured
in a similar manner as 13 Hz., and the fundamental torsional frequency
was measured as 18 Hz.

The ambient vibration tests were repeated 12 days later, after the
force transducers were installed in the structure. The fundamental
frequencies of the structure in the lateral response directions were
measured as 9.75 Hz. again, while the torsional frequency was 17.63
Hz., as opposed to 18 Hz. which was obtained in the previous test. The
slight change in the torsional frequency may be due to a change in the
stiffness characteristics of the peripheral walls, which contribute the

majoyr part of the torsional rigidity of the structure.

2.2.2 Dynamic Analyzer Tests

The dynamic characteristics of the model were then evaluated by
another technique, based on the Tow level random excitation responses
of the structure*., The structure was excited by a small vibration gener-
ator which applied random pulses of small amplitude. The accelerations
at each floor level were measured at a number of locations and these
were input to a Hewlett Packard Model 5423A Structural Dynamics Analyzer,
which basically is a freguency response analyzer, evaluating the fast

fourier transforms of the response. The frequencies corresponding to the

main and transverse translational and the torsional responses were obtained

in this manner as 9.75 Hz., 12.77 Hz. and 17,73 Hz., respectively.
The damping coefficients corresponding to these modes were 2.36%, 4.33%,

and 2.28%, respectively.

*Carried out by URS/John A. Blume and Associates, Engineers, Berkeley,
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The second frequencies of the main and transverse translational
responses were also evaluated as 42.54 Hz. and 56.84 Hz., with damping
coefficients of 2.16% and 2.14%, respectively. Since a frequency of
29.5 Hz. was observed to contain power during the ambient vibration tests
(Fig. 2.3), this was considered to possibly represent the second frequency.
This 1is contradicted by the frequency response analyzer which gave the
second frequency as 42.54 Hz. It appears that the energy indicated by
the spectrum analyzer to correspond to 29.5 Hz. was misleading. This
exemplifies the relative uncertainty of ambient vibration test results

in evaluating higher frequencies.

2.2.3 Forced Vibration Tests

A vibration generator was installed at the roof level of the model
as indicated in Fig. 2.4 in order to conduct forced vibration tests of
the structure. The vibration generator consisted of two weights rotating
in a synchronized manner with a certain phase difference at a determined
frequency. Depending on the phase difference between the two weights,
the structure may be excited by a harmonic force along either the main
lateral response direction or the transverse response direction. The
force in the main lateral response direction was along the axis of
symmetry while the force generated in the transverse direction was with
an eccentficity of approximately 20 in. with respect to the center of
rigidity as shown in Fig. 2.4. The amplitude of the force was dependent
on the weights, which were kept at the possible minimum, and’the fre-
quency of excifation. The maximum ampiitude of the force did not exceed
5000 1bs at 10 Hz. and was smaller at lesser frequencies. The design of

the vibration generator is documented by Hudson (Refs. 2, 3).
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During the forced vibration tests, a number of accelerometers were
placed on the roof and other locations of the structure. These,as well
as a number of other force and displacement transducers,were monitored
as the model was excited in a certain direction with a certain frequenéy
of the harmonic force, The time-histories of the measured accelerations,
displacements, and column shear forces {(as obtained from the force
transducers installed in the model),were plotted on visicorder paper for
each frequency at which the harmonic forces were applied.

During the first vibration generator test, the model was excited
along the main response direction as shown in Fig. 2.4. Harmonic force
frequencies from 3.0 Hz. to 9.5 Hz. were applied. At the low {approx.
3.0 Hz. - 7.0 Hz.) and high (approx. 8.5 Hz. - 9.75 Hz.) frequencies,
the measured responses were observed to indicate steady-state harmonic
response patterns, Between the frequencies of 7.0 Hz. and 8.0 Hz.,

a phenomenon termed as "beating” was observed, as illustrated and

compared against normal steady-state responses obtained for the lower

frequencies in Fig. 2.5. This may be explained by a change in the response

characteristics of the model structure during excitation. As the
excitation frequency approaches the resonant frequency of the model, the
amplitude of structural responses increases, This may result in changes
in the boundary conditions {uplift or rocking of the foundation) as well
as the damping characteristics of the structure (opening and closing of
microcracks and/or hairline cracks in concrete). Consequently, the
response amplitudes decrease as the structure "pulls itself away from
resonance”. Another possible explanation of this phenomenon is that
there may be errors in the synchronization of the rotating masses and

the structure may be excited in more than one direction, and in more
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than one mode. This results in an interference in the responses measured

along the main response direction, hence. beating. One other possible

reason for beating may be explained by the interaction of the structure

and the shaker. Since the vibrations of the structure are input as

base vibrations to the shaker which is mounted at the tep of the building,

the harmonic force applied by the shaker will be affected by the vibrations
of the building.

When the structure was excited with frequencies between 8.0 Hz.
and 8.5 Hz., the response amplitudes increased progressively until they
reached a level at which steady state response was observed, without
beating. The slight changes in the dynamic characteristics of the model
were not adeqguate to result in a reduction in response amplitudes, as
the forcing function frequency was too close to the resonant frequency
of the structure. At a forcing function frequency of 8.25 Hz., the
response amplitudes increased to a Tevel that the vibration generator had
to be turned off in order to avoid possible cracking of the structure.

The shear forces in the interior columns of the ﬁide frames were measured
to reach 500 ibs. during 8.25 Hz. frequency. The shear force amplitudes
measured during the lower frequencies of 3.0 Hz. - 7.0 Hz. were between
5.0 1bs and 25.0 1bs,

The typical acceleration and displacement response amplitudes obtained
at different excitation frequencies are presented in Figs. 2.6 - 2.8. The
resonant frequency is evaluated to be 8.25 Hz. from these figures, and
the average equivalent viscous damping, obtained from the bandwidth method

is 2.57 percent.

20



2.2.4 Free Vibration Tests

A fourth type of test applied to the model structure to deter-
mine its dynamic characteristics, was the free vibration test. The
structure was pulled from the roof level by a steel cable, using a
turnbuckle, and the end of the turnbuckle was attached, through a shackle,
to a wide flange which was anchored on the concrete slab of the laboratory.
Within the 1ine from the roof to the floor, a load cell and a #2 reinforce-
ing bar were also included. After applying a force of approximately 4
kips, the #2 reinforcing bar was cut by using a bolt-cutter, and the
tension in the cable was thus suddenly released. The outputs of acceler-
ometers and displacement transducers were monitored as the model structure,
released from an initial displacement, went through transient response,

By measuring the decay (logarithmic decrement) of acceleration and
displacement responses, the approximate equivalent viscous damping was
evaluated to be between 2.4% § 2.5% of critical. The dominant frequency
of the transient response was obtained as 8.7 Hz., by feeding the accele-
ration response history to the FFT frequency analyzer as well as by
counting directly the zero crossing during the free vibration response.

The main results obtained from all the previous tests are summarized

in Table 2.1.

2.3 Measured Flexibility Characteristics of the Model

2.3.1 General Remarks

The flexibility characteristics of the model structure, for the

lateral displacement degrees of freedom at each floor level, were obtained
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in order to: (1) Compare with the flexibility characteristics after loading
the model with lead ballast necessary for mass similitude and assess the
significance of gravity load on the lateral f1é£%b111ty; (2) Compare

with the analytically generated flexibility characteristics and evaluate
the analytical model used o represent the structure at the serviceability
response stage; (3) Use it to generate the frequencies and the mode

shapes of the structure. Since the‘mass distribution could be computed,
the use of this computed mass and of the measured flexibility character-
istics allowed the frequencies and the mode shapes of the structure

to be analytically generated, and then compared with the experimental
results. This comparison could be used to evaluate the reliability of

the simplified analytical modeling of structures for the purposes of
generating dynamic characteristics; for example, lumped modeling of mass
and considering only the lateral displacement degrees of freedom (among

others ). Further information on this procedure is provided in Appendix A.

2.3.2 Experimental Procedure

The structure was loaded at each floor slab level by a rigid steel
beam, as illustrated in Fig. 2.9. Two cables were extended to the
laboratory floor from the steel beam, and were connected to steel
brackets anchored to the floor. A load cell and a turnbuckle was
included in each line. The load was supplied by tightening the two turn-
buckles simultaneousiy, while checking the two load cells in‘order to
maintain equal tension in the two cables. The vertical component of
the cable tension was resisted by two 4 by 4 in. posts, shown in

Fig. 2.9.
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During the tests, displacement transducers (LVYDT's) were used to measure
the lateral displacements at each floor level and any torsional rotations
at the roof level. The foundation of the model was instrumented in
order to measure any rotations and displacements at this level and
the readings of these instruments were used to correct the measured lateral
displacements of the upper floors.

An analysis was carried out to determine the permissible levels of
force that could be applied before cracking of the structure. Loads rang-
ing from 5 kips to 15 kips were applied at the different floor levels of the
structure, from roof to the first floor level, resulting in a displacement of

approximately 0.05 in, at the roof level during the loading of the floors.

2.3.3 Results of the Experiments

The results of the tests are presented in Table 2.2 in the form of
the flexibility matrix of the structure, for the seven lateral displacement

degrees of freedom measured:

Each column k of the matrix in Table 2.2 is generated during the
loading of the floor at level k, i.e., the terms f7,k to f],k of column
k represent the lateral displacements at the successive floor Tevels
(7-1) of the structure as shown in Fig. 2,10, when loaded with a unit load
applied at level k.

It is observed that the experimental flexibility matrix is not

symmetric as it should be theoretically. The measured displacement
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profiles of the structure, corresponding to loading of each f1oor'1eve1,
and normalized for 1 kip, are shown in Fig, 2.11. It is observed that
loading the lower floors of the structure led to a "shear" mode of
deformation while loading the upper floors resulted in a "flexural" mode
of deformation. The main shear wall governs the response of the structure,
and the deformation characteristics of this wall, which has a (story)
height/depth aspect ratio of 0.68 at the first floor, and 0.55 at other
floors, are strongly influenced by the moment-to-shear ratio, as

reflected in Fig, 2.11.

The reasons which led to unsymmetry of the generated flexibility
matrix were considered to be: (1) Nonlinear response of the structure -
particularly the shear wall - and particularly the shear force-shear
distortion characteristics of this member. To illustrate, consider f},7
and f7’1 in Table 2.2. f]’7 represents the first floor displacement

when the top floor is loaded, and f represents the top floor displace-

7,1
ment when the first floor is loaded. The main deformation mechanism

of the wall, when the first floor is loaded, is by shear, which is not

the case when the top floor js loaded. Consequently, any nonlinearity
(expected in especially the shear distortion mode), would result in a

loss of the reciprocity. It should be noted that when the roof was loaded
only a 5 kip load was applied; however, when the first floor was loaded,

a force of 15 kips was applied., Thus, in the Tatter case, the shear

acting on the wall was considerabiy higher in the story below where the
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lead 7s applied. Howeyer, the average axial-flexural stress Tevel in the
structure produced by the 5 kips applied at the top was higher, contributing
to generally larger values for the coefficients in the 1bwer triangle of the
experimental flexibility matrix. (2} Displacements of the structure caused
by foundation distortion and 1ifting and s1iding at the foundation. Although
these were measured and corrections were made for these effects, these cor-
rections were based on rigid foundation assumption. The displacements and
distortions of foundation were observed to be of a different order of magni-
tude when the top and the first floor levels were loaded by =5 kips and =15
kips, respectively. This should be expected tb disturb the reciprocity.
(3) Any axial distortion of the diaphragm. Since load was applied at one
che of the building while the displacements were measured along the other
face, any axial distortion of diaphragm would resuit in an erroneous flexi-
bility matrix. (4) Errors arising from: the application of Toads; in the
measurement of the loads; and in the measurement of the displacements of
the structure and of the foundation,

The force distribution at the base of the structure was measured
by the force transducers and results are presented in Fig. 2.12. It
is observed that the shear attracted by the shear wall increases as the
structure is loaded between the roof to the second floor level and then
decreases when the first floor level is Toaded. This indicates a change
in the lateral force resisting mechanism of the wall and frames when
the first floor is loaded. Also observed from Fig. 2.12 is that the
incremental axial force distribution in the first floor columns during
the Toading of the first floor indicates compression in columns at the

loading face of the building,
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In evaluating the axial force and bending moment distributions,
the contribution of the peripheral walls should be considered. These
members, although they are not expected to contribute to the shear
force and flexural resistances of the co]ﬁmns significantly, are
effective in resisting axial forces. The axial forces in the exterior
columns, therefore, should be interpreted accordingly.

The distribution of the shear fofce between the columns are
observed to be different within the plan of the structure for a particu1ar
loading, despite the anticipated symmetry of the structure and the
loading. When the 7th floor was loaded, the shears carried by the two
exterior frames were 129 1bs.and 145 1bs., for 1000 1bs. of external
force. When the first floor was loaded, the same frames were resisting
83 1bs. and 92 1bs. of shear force, respectively. Hence, either the
symmetry in structural stiffness was disturbed due to errors in con-
struction and different volumetric changes, or due to errors in the
loading system,

When the first floor is Toaded, the columns in the loading side
are observed to resist significantly higher shear forces, indicating

possible axial distortion of the diaphragm.
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3. EXPERIMENTAL DETERMINATION OF STATIC AND DYNAMIC
CHARACTERISTICS OF THE MODEL AFTER ADDING AUXILIARY MASS

3.1 Changes 1in Axial Forces at the Base

3.1.1 General Remarks

The model structure was moved on rollers on to the earthquake
simulator, and was leveled, hydrostoned and prestressed through the rigid
R/C platform (table) of the earthquake simulator. This platform (a
ribbed R/C sTab) has a weight of approximately 95 kips and is supported
by 4 vertical and 3 lateral actuators. During the moving and prestressing
of the model, and all the subsequent experiments which will be explained
in ensuing sections, the platform was mechaniéa]]y horizontally
restrained by screwjacks in addition to the restraint provided by the
hydraulic actuators.

The model structure was then loaded by Tead bricks ("pigs")
of approximately 97 1bs each, distributed on the floor slabs, and pre-
stressed through the slabs, as shown in Figs. 3.1 (a), (b), and (c).

Static and dynamic tests determined the installation and prestres-
sing scheme for the lead ballast in order to verify that the ballast
would: (1) Simulate as closely as possible the effects of the actual
distribution of mass on the structure, particularly on the floor beams.
(2) Be excited with the same acceleration as the floor slab during all
expected response frequencies; and (3) Not increase the stiffnesses of

the floor slab.

3.1.2 Distribution of Axial Force

The existing mass of each floor was increased approximately 5.9
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times to satisfy the similitude requirements for the transiational
mass characteristics, as well as gravity (dead and live) loads which
were incorporated in‘the testing of the full-scale model in Japan. The
weights of individual floors and the added masses are given in Table 3.1.
The distribution of bending moments (along the model girders) and
the axial forces (of columns and shear wall) were investigated for the
added lead ballast. This was done to determine the layout for the bal-
last which would lead to a similar distribution of gravity forces in
the model and prototype. The computed levels of axial force at the base
of the columns and walls for the full-scale building (reduced by‘1/25)
and the 1/5-scale model, are given in Fig. 3.2.
It is observed in Fig, 3.2 that the total weight at the base of
the model is 105.85 kips, while 97.24 kips is ‘the value obtained from

the weight of the prototype. The reason for the discrepancy is that

the model ballast was calculated based on mass similitude and not the

gravity load (own weight) similitude with the full-scale building.

Since the full-scale structure was tested with the pseudo-dynamic scheme,
the masses used to evaluate the lateral forces were not based on the
actual weight of the structure but on computed dead and 1ive load
values fed to the computer. In order to be able to correlate; the bal-
Tast weights added to the model (Table 3.1} were in accordance with the
hypothetical masses used by the Japanese researchers in evaluating the
loading program of the full-scale structure. Consequently, a discre-
pancy of 19 percent is observed between the axial stress levels of the
main shear wall in the model and prototype. This discrepancy was not
considered important, especially since the main shear wall of the
1/5-scale model was under 5.40 kips of tension due to the shrinkage

effects discussed eariier.
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The distribution of axial forces in Fig. 3.2 were evaluated based
on assumptions on the tributary areas for vertical members and
assumptions on the distribution of the weights of individual lead bricks
within the beam-slab system. The measured incremental axial forces in
the column transducers are compared in Fig. 3.3 °'to the computed %ncre-
ments of axial forces due to loading the ballast.

Except for one column, the column axial forces did not
increase as much as expected. The implication is that the main
shear wall and peripheral walls attracted more axial force than predicted.
This was considered fortunate since these components were observed to be
under tensile forces due to shrinkage, as explained previously.

The measured incremental axial forces add up to 50.78 kips in
Fig. 3.3. Since the total added ballast weight was 87.51 kips (Table
3.1), the main shear wall and the peripheral walls should have attracted
36.73 kips of axial force. The axial force increases in the peripheral
walls were estimated from concrete strain gages to be 3.6 kips each.
Consequentiy, the main wall would have attracted 22.33 kips of axial
compression as a result of the ballast loading.

In Sec. 2.1, the center shear wall and the peripheral walls were
assessed to be under a tensile axial force of 14.68 kips. The peripheral
walls were estimated to be under 2,32 kips of tension each, and the main
wall was estimated to be under a tension of 5.4 kips. Assuming that the
distribution of axial force at the base was as measured after the installa-
tion of the transducers (Fig., 2.1), just prior to loading of the ballast and
the tensile forces in the walls were as evaluated, the final axial force
distribution after loading the ballast may be estimated and compared to the

calculated distribution (Fig. 3.4}. It is abserved, from results given in
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Fig. 3.4, that the final computed and eStTmated (based on transducer readings
and strain gage readings) levels of axial forces in the main shear wall,
peripheral walls, and the columns adjacent to the peripheral walls, are
significantly different. This difference is mainly due to the dif-

ferent levels of initial shrinkage in the walls and columns, as explained
in previous sections. Since approximately three months had elapsed since
the axial force distribution (Fig, 2.1) was measured, it is likely that
these forces would have changed by the time the ballast was loaded. A num-
ber of shrinkage cracks were observed in the walls prior to loadinag the
ballast, indicating that a force redistribution would have occurred

from the release of the tensile stresses in the wall concrete. Unfortu-
nately, the history of column axial loads could not be followed accurately
over long periods because of Tong term drift problems in the force trans-

ducers, caused by temperature cycles in the Taboratory.

It may be assumed, therefore, that the differences between the
calculated and measured-estimated levels of axial forces (Fig. 3.4)
would represent an upper bound and.that the actual forces could be ex-
pected to be closer to the calculated ones. Neverthe1ess, the striking
differences between computed and measured distributions of axial force
indicate that maintaining similitude between a model and a prototype
R/C structure cannot be achieved unless all aspects of material
behavior, including volumetric changes particularly due to
shrinkage and creep characteristics, are similar in the mode]'and
prototype. The state of the art in microconcrete construction was not
observed to be adequate to maintain such a similarity in all aspects of

concrete behavior,
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3.2 Measured Dynamic Character1st1cs of the Test Structure after
Loading with Ballast

The model was subjected to (1) ambient vibration, (2) dynamic
analyzer, (3) forced vibration, and (4) free vibration tests,
similar to those tests carried out prior to lToading the model with

ballast. The results obtained are presented below.

3,2.17 Ambient Vibration Tests

These tests indicated a fundamental frequency of 4.75 Hz. in the
main response direction of the model. Frequencies of 5.85 Hz. and 8.50

Hz. were obtained for the transverse translational and torsional responses.

3.2.2 Dynamic Analyzer Tests

These tests indicated first and second mode frequencies of 4.78 Hz.
and 17.86 Hz. in the main response direction, and viscous damping coeffi-
cients of 2.20 and 2.52% corresponding to these two modes, respectively.
The torsional mode response frequency was measured as 8.49 Hz. with
a damping coefficient of 2.18 percent of critical.

The frequencies, mode shapes and damping coefficients of the trans-
verse response direction could not be generated because of a significant
response of the shaking table on which the structure was prestressed.
Although the table was mechanically restrained in the main response
direction, it was restrained only by hydraulic cylinders in the transverse
response direction. This restraint was discovered to be inadequate to
generate fixed-base responses of the model, and the table vibrated with
a frequency and lateral displacement magnitude close to that of the

model in the transverse response direction.
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3.2.3. Forced Vibration Tests

The forced vibration tests were repeated after Toading the model with lead
batlast (Fig. 3.5). Two accelerometers mountedon the roof of the structure
were used to monitor and record the responses of the structure to different
excitation force frequencies.

The responses of the structure along the main response direction were
obtained for freguencies between 4.00 Hz. and 4.80 Hz. It was observed
that the responses of the structure exhibited significant "beating", a
phenomenon discussed in earlier sections. The test results as obtained
from the roof level accelerometers are presented in Figs. 3.6 and 3.7.

It is observed from Figs. 3.6 and 3.7 that the response amplitudes
of the two roof accelerometers, oriented in the main response direction
along the two exterior frames, are different by approximately 20%. This
may be due to a misalignment in the vibration generator or a mis-
synchronization of the rotating weights, resulting in a torsional response
component,

The minimum and maximum response amplitudes measured during each
frequency of the forcing function are indicated in Figs. 3.6 and 3.7,
as a measure of the beating. Further investigations of this phenomenon
indicated that this may be due to a change in the frequency of the forcing
function caused by the response of the structure. As the structure
vibrated, the frequency of this vibration affected the effective frequency
of the rotating weights. In other words, as the frequency of the forcing
function depended on the circular frequency of the rotating masses

relative to the structure, and since the frequencies of the rotating
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masses were being affected by the response of the structure, the
effective forcing function frequency may continuously change during
response, leading to the phenomenon of beating.

The main freguency of the structure was obtained to be 4.55 Hz.
with an average damping coefficient of 2.03%. The average amplitude-
frequency relations were used to evaluate the damping.

An attempt was made to obtain the fundamental frequencies of the
transverse and torsional responses of the structure. The rotating masses
were used to apply a harmonic force along the transverse response
direction, with an eccentricity with respect to the center of rigidity,
as shown in Fig., 2.4 and discussed in the previous sections. The two
roof accelerometers were placed at each end of the building oriented in
the transverse response direction. From the measurement of the responses
of these two accelerometers, the average translational and rotational
respense ampiitudes at each forcing frequency were obtained and are shown
in Fig. 3.8.

The average amplitude-forcing function frequency relations in Fig.
3.8 are not similar to the curves obtained for the main response direction.
A significant interaction between the two modes 6f response is observed.
The possible contribution of the response at the base of the structure,
due to inadequate restraining of the earthquake simu]ators/piatform in

the transverse direction, should also be acknowledged.
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The fundamental frequencies in the transverse translational and
torsional response modes may be evaluated as 5.9 Hz. and 7.8 Hz.,
respectively, from Fig. 3.8. The damping coefficients obtained for
these responses were approximately 8 and 6 percents, which are not real-
istic values. Since the two amplitude-frequency relations in Fiq. 3.8
correspond to mixed responses, i.e., responses which do not represent
one mode only, and since there may be considerable dissipation of energy
due to the vibration of the shaking table, the damping quantities
evaluated from Fig. 3.8 are not correct viscous damping coefficients for

the two response modes considered.

3.2.4 Free Vibration Tests

The free vibration tests carried out on the model structure loaded

with ballast indicated an average damping coefficient of 1.94% and a
fundamental frequency of 4.75 Hz, in the main response direction. The
testing procedure was as discussed in Sec. 2.2.4. The maximum force
applied to the structure was approximately 4 kips. The cable

was cut and free vibrations were initiated. The damping coefficients
computed from the decay of the roof accelerations varied between a low
of 1.37% and a high of 2.18%, as evaluated from the acceleration time

histories of the roof level, yielding an average value of 1.94%.
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3.3 Measured Fleéxibility Characteristics of the Model
after Loading It with Ballast

3.3.1 General Remarks

The test procedure to obtain the flexibility coefficients of the mode]
was similar to that explained previously in Sec. 2.3.2. The photographs in
Figs,3.9 and 3.10 show the Toading system and the instrumentation frame.
Rotations {rocking) and lateral displacements of the shaking table were
measured at all load steps. The structural displacements were then
corrected by eliminating the rigid body components induced due to the

displacements and rotations of the shaking table.

3.3.2 Results of the Experiments

The test results are presented in Table 3.2 in the form of the
flexibility matrix of the structure loaded with ballast. The lateral
displacement degrees of freedom were as explained for Table 2.2, Sect. 2.3.3.

The measured displacement profiles of the structure, for loading
of each floor level, are shown in Fig. 3.11. These displacement profiles
are normalized for a unit value of the lateral Toad.

The flexibility matrix shown in Table 3.2 is not symmetric, as was
the matrix obtained for the structure prior to loading it with ballast,
and presented in Table 2.2. The reasons considered for the loss of
reciprocity of the flexibility matrix in Table 2.2 are also valid for
the matrix presented in Table 3. 2.

A comparison of the flexibility matrices in Tables 2.2 and 3.2,
and the displacement profiles in Figs. 2.11 and 3.11 led to a number
of observations. The flexibility coefficients decreased and the
floor rotations along the structure increased when the model was
loaded with ballast required to satisfy similitude requirements

for mass and gravity load characteristics of the model. '
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The decrease in the diagonal flexibility coefficients f}’] to
f7’7 range from 28% to 35%, indicating ah average increase in the
structural stiffness of approximately 30%. Comparing the displacement
profiles in Figs. 2.11 and 3.11, the decrease in the flexibility
coefficients, when the upper 7th, 6th,and 5th floor levels were loaded,
is observed to be more for the lower floor levels than the upper floor
levels. This is better exemplified by comparing the first columns (j=7) of
the two flexibility matrices in Tables 2.2 and 3.2, representing the
displacements of the structure, when loaded at the top floor with a unit
load, prior to and after loading the ballast. The top floor displacement

(f terms), decreased from 15.59 x 1073 in. to 11.26 x 1073 in.,

7,7
by 28%. The reduction in the third floor displacement was 42%, and in
the first floor the reduction was 46%.

| When the first floor was loaded laterally, the last columns (j=1) of the
two flexibility matrices were obtained. The reductions in the top, third
and first floor displacements, after loading the ballast, were obtained
as 48, 44, and 32 percents raspectively. The displacements of the
upper floors were reduced more than those of the lower floors,
unlike when the top floor was loaded laterally.

The results of an intermediate test, carried out prior to leoading
the structure with ballast, may be useful in discussing the reasons for
the diffefent manners in which gravity loading affected lateral flexi-
bilities of the structure. In this test the top of the structure was
loaded with 14 kips of ballast, and from the transducer readings it was
evaluated thatlthe increase in the axial load at the base of the main
shear wall was just sufficient to overcome the axial tension in this member
due to shrinkage.
The flexibility coefficients obtained during the loading of the top

floor and the first floor, for no ballast load, 14 kips of ballast load,
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and the full 875 kips of ballast load, are compared in Table 3.3.

When the top floor was loaded laterally, the decrease in the top
floor deflection was 6% when 14 kips of ballast was placed at the roof,
and the decrease became 28% when the full 87.5 kips of ballast was dis-
tributed in the seven floors of the model. Meanwhile, the decrease in
the first floor deflection was 12% when 14 kips of ballast was added,
and became 46% when the model was Toaded with the total 87.5 kips of
balTast.

When the first floor was loaded laterally, the decreases in the top
displacements were 12% and 48% for 14 kips and 87.5 kips of ballast
load, respectively. The corresponding decreases in the first floor
displacements were 4% and 32%, respectively.

The lateral displacements in Table 3,3 were sketched in Figs, 3,12
and 3.13 to further illustrate how axial forces due gravity Toads affect the
lateral displacement characteristics of the structure differently,
depending on whether the structure is laterally Toaded at the top floor
or at the first floor TeveTs, i,e., with different overturning moment to
base shear ratios.

The behavior observed from Table 3.3 and Figs. 3.12 and 3.13 may
be explained if the relative contributions of the walls and frames to
the stiffness of the building are considered. Since the shear wall
dominates the response of the structure, any increase in the stiffness
of this element due to increases in its axial compression level reflects
on the responses of the structure.

When the structure is loaded at the roof level and axial loads

are increased, since the wall contributes more to the stiffness of the
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Tower floors, the stiffness of these fleors increase more than the
stiffness of the upper floors. When the structure is loaded at the first
floor level, the displacements of the upper floors are affected significantly
by the relative contributions of the rotation and Tateral displacements
of the wall at the first floor level. Increasing axial force results
in an increase in the wall stiffnesses and, therefore, the wall rotation
and displacement at the first floor level is reduced. The reduction in
particularly the rotation of the wall at the first floor level contributes
significantly to reducing the displacements of the upper Tevels of the
structure. This is demonstrated in Fig. 3.13 by relating the displace-
ments of upper floors to the displacement and rotation at the first
floor, by assuming a bilinear displacement profile of the structure.

The internal force distributions of the structure measured by the
column transducers during the static tests are presented in Fig. 3.14.
The shear forces attracted by the wall and the columns remain
approximately constant -at 83% and 17% of the toté1 applied force. The
minimum contribution of the wall was when the fourth floor was loaded,
as 80.45%, and the maximum was when the second floor was loaded,
as 88.01%. When the structure was tested without baliast, the contri-
bution of the wall to the total base shear changed between 66.72% for
loading at the top and 80.68% for loading at the second floor Tevel. The
average contribution was 73.58% for loading at all floor levels.

It is observed from these figures that the ballast load resulted in
a larger increase in the wall stiffness at each floor than the frame
stiffnesses. The ballast Toad resulted in a change of the first
story wall axial stress from=(-)10 psi (tension) to 195 psi (compression),

i.e., a total change of 205 psi. The change in the interior columns of
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the side frames was from =129 psi (compression) to=548 psi, i.e., -
a change of 319 psi >>205 psi. For the end columns of the center frame,
which attract the least gravity load, the axial stress level changed from
%256 psi to=426 psi, (i.e., 168 psi < 205 psi) upon the application
of the ballast. It appears that in most cases the column stiffnesses
were not affected from this as much as the shear wall, although the
increase in column axial stress level was more.

The balanced axial force levels for the columns and the shear
wall were calculated to be approximately 25 kips (1563 psi) and
175 kips (2000 psi), respectively, indicating that the columns at the
base of the structure had axial force levels varying from approximately
25% to 40% of their balanced axial force level upon Toading of the
ballast. The shear wall, however, was loaded to only 10% of
its balanced axial force level, However, even this small amount
of axial compression increased the stiffness characteristics of
the shear wall considerably, and the stiffness of the shear wall,
relative to the sum of all the frame components, was increased from
~74% to 83%. It becomes apparent, then that the manner in which the axial
force affects lateral response is different for the wall members than

for the more slender frame members, and the mathematical idealization

of wall members in exactly the same manner as frame members may lead to
significant errors in displacements and lateral force distributions
obtained for linear response stages. This will be investigated further

in the subsequent sections.
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4. ANALYTICAL PREDICTIONS OF THE STATIC AND DYNAMIC
CHARACTERISTICS OF THE MODEL

4.1 Analytical Model

Analytical studies were carried out to evaluate whether the linear
analysis procedures, commonly applied for the serviceabiiity 1imit state
response prediction of reinforced concrete structures, are successful
in simulating the experimentally obtained response of the building.

The analytical model was constructed in conjunction with the computer
code ETABS (Ref. 10). Analytical studies were confined to investigating
the static and dynamic characteristics in the loading direction of the
model. The transverse and torsional characteristics were not studied.

The topological idealization of the structure is shown in Fig. 4.1.
The two exterior frames and one interior frame were discretized into 1-D
elements connected through rigid zones, except for the shear wall
elements, for which rigid end zones were not considered.

The column, shear wall and typical beamcross sections, considered in
determining the cross sectional properties of the analytical elements are
shown in Fig. 4.2. The columns and shear wall had constant cross sectional
characteristics throughout the elevation of the structure. Uncracked
transformed cross-sectional properties were used for these elements.

The contribution of the axial stiffnesses of the peripheral walls
was incorporated in the model by modifying the axial stiffness of the
adjoining columns to include the axial stiffness of these walls.

One set of beamcross sectional properties was used to represent all
the beams of the exterior and interior frames. The contribution of the
slab concrete and steel in the initial Tateral stiffnesses of the

model was estimated to be represented approximately by one-quarter of the
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adjacent span, as indicated in Fig. 4.2.

The modulus of elasticity, Ec’ of 3500 ksi assigned for concrete,
was evaluated from the stress-strain relationships cbtained from tests
on 3 in., x 6 in. concrete cylinders, and tested under constant strain.
This value is an estimated value between the initial tangent EC and
the secant modulus of elasticity meaéured at 45% of the maxXimum strength
of the cylinders which was 3150 ksi. The secant modulus of elasticity
at lower stress levels was naturally Targer. The value of 3500 ksi was
close to the value of the initial tangent modulus of elasticity and it
agrees with the average dynamic modulus obtained by sonic tests. This
value of 3500 ksi for EC was considered to be a good estimation
of the Ec for the "uncracked" serviceability 1imit state stress levels,

The shear modulus G was assumed to be related to E by the Hook's

law and using for Poisson's ratio the value of 0.2,

The model was assumed to be fixed at the base and the contributions
of the transverse beams to the stiffness in the main response direction
were neglected.

The mass characteristics were derived from Table 3.71.

The basic assumptions and limitations described in the ETABS

Manual were assumed to be valid,

4.2 Results of Analyses

The model of Fig. 4.1 was analyzed to obtain: (1) frequencies and
mode shapes with and without the ballast Toad; (2) flexibility matrix;
(3) displacement profiles; and (4) the internal force distribution at the

base, in order to directly compare with the experimental results.
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The frequencies and mode shapes of the structure, considered with
and without ballast, are presented in Fig. 4.3, The flexibility matrix
is presented in Table 4.1. The displacement profiles and internal
force distributions are given in Figs. 4.4 and 4.5 respectively.

The analytical and experimental results obtained are evaluated

in the next Chapﬁer.
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5. EVALUATION OF THE EXPERIMENTAL AND ANALYTICAL RESULTS

5.1 Dynamic Characteristics of the Building

The fundamental frequencies and damping coefficients of the model
in the loading direction with and without the added ballast, and obtained
analytically and by different experimental techniques, are tabulated in
Table 5.1. The last row in Table 5.1 was obtained by using the measured

flexibility and actual masses and solving the eigenvalue problem, i.e.,

a semi-analytical procedure. This procedure is discussed further

in Appendix A. In the attempts to obtain a stiffness matrix for

the bare model, by inverting the experimental flexibility matrix,

it was discovered that the flexibility matrix was not positive-
definite. The possible manner in which the experimental flexibility
matrix may be "conditioned" to yield a positive-definite stiffness

matrix and a solution to the eigenvalue problem, is discussed in

Appendix A.

Considering first the case of model without ballast, i.e.,
the values in the first column of Table 5.1, significant differences

between the frequencies obtained by different experimental techniques

are observed. The difference between the frequencies obtained by forced
and ambient vibration methods differ by more than 15%. Although it is
already well recognized that forced vibration leads to a Tower frequency
value than ambient vibration, the difference in this case is higher than
usually observed. This may be because of the larger stress levels and
foundation displacements and distortions induced during the forced

vibrations. However, more important is that the weight of the shakers
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added some significant mass to the roof (0.73 kips)., The most striking

observation, however, is the difference between the analytical and

experimental freguencies., The analytical model is observed to yield
a frequency 28% larger than the highest experimental frequency.
Considering the case of model. loaded with lead ballast, i.e.,

the second column of Table 5.1, the difference between the frequencies
obtained by different experimental techniques are observed to be less.
The maximum discrepancy is less than 5%. As the base fixity of the
structure Toaded with ballast and prestressed to the shaking table was
significantly improved as compared to the previous tests, i.e., without bal-
last, this difference is possibly related to mainly the gravity stress lev-
el, As the ballast resulted in considerable gravity stress level already,
the different dynamic tests may not have caused a significant difference
in the average stress level of the structure as was the case prior to
loading of the ballast, thus improving the correlation between the different
types of tests shown in column 2 of Table 5.1. It should alsoc be noted
that in the forced vibration tests of the loaded model, the mass equal
to the weight of shaker was removed from the roof to have the same
total mass during all dynamic tests.

Comparing the analytical to the experimental frequencies, the
discrepancy is observed to be 7 percent in the case of the ambient
and free vibratfon results. This is considerably less than the 28 per-

cent difference observed for the first column in Table 5.1, The reason
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for a better accordance between the experimental and analytical frequencies
after loading of the ballast, was discovered to be due to considerable in-
crease in structural stiffness caused by the increase in gravity load, i.e.,
particularly due to increase in axial stress level of the columns and
main wall, This is exemplified in the following and will be discussed
further in the next section.

If the complete structure may be idealized as a single degree of
freedom system with a mass equal to the existing mass of the structure, (Table
3.1), the stiffness corresponding to the frequency of 9.75 Hz. would

be:
k] = (21rf)2 m = (2xmwx 9.75)2 x {17.88/386.2) = 173.75 kip/in.

after loading the structure with ballast, the equivalent stiffness
corresponding to the frequency of 4.75 Hz. may be obtained in a similar

manner using the total mass of the structure with ballast (Table 3.1):

k, = (2xnx 4.75)% x (105.39/386.2) = 243.07 kip/in.

It follows that the added gravity load has caused an increase in the

lateral stiffness of 40 percent. This is a significant change and indicates
that model testing without the correct simulation of the gravity load

level as required by the similitude theory, may lead to considerable
distortion in the lateral stiffness characteristics of the model. Similarly,
two identical structures loaded differently with 1live load (gravity

forces) may have quite different lateral stiffnesses. This has not.

been carefully considered in interpreting the measured vs, analvtically

obtained dynamic characteristics of real buildings.
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An interesting comparison may be carried out by considering the
fundamental frequency obtained for the fuil-scale structure through a
free vibration test, 2.33 Hz., and the 4.75 Hz. obtained for the model using
the same test procedure. The frequency of the full scale structure should
be modified by multiplying with /5, to convert to the model time
reference. In this manner, 5.20 Hz. is obtained. This is 9.5% higher
than the model frequency. It should also be considered, however, that
the mass of the model was not modeled after the existing weight of
the full-scale structure, but after the hypothetical mass used in the
pseudo-dynamic test procedure. The actual weight of the full-scale
structure, computed based on a specific gravity of 150 Ib/cu.ft., was
obtained as 2431 kips. At the 1/5 scale, this would correspond to 97.24
kips. The total weight of the model, however, was evaluated as 105.85
kips, If the frequency of 5.20 Hz. is modified by square root of the ratio
of existing weights of the model and prototype, 4.98 Hz. is obtained
This is approximately what the full-scale structures' frequency at the model's
scale would have been, if it actually were as heavy as the model.
Considering the second frequency in the main response direction, the
- value obtained for the full-scale structure was 9.09 Hz. After correcting
for the medel scale and mass, this becomes 18.60 Hz. The corresponding

value obtained for the model from the dynamic analyzer tests was 17.86 Hz.

5.2 The Flexibility Characteristics of the Building

Comparison of the experimental results have indicated significant
changes in the flexibility characteristics of the structure upon the

application of the ballast Toad. An evaluation of the experimental
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displacement profiles in the previous sections have indicated significant
changes both in the magnitude andvdistribution of displacements (drifts)

along the structure due to the ballast load. It was alsoc evaluated that

the ballast Toad contributed more to the stiffness of the shear wall than
to the frame elements.

An evaluation of the measured and analytically generated dynamic
characteristics of the structure in the previous section indicated that
the addition of the ballast load resulted in an increase of average
structural stiffness in the order of 40%. The linear-elastic analytical
model used to define the stiffness characteristics of the structure
did not recognize such a significant contribution of axial force on the
member lateral stiffnesses.

In order to be able to explain the inadequacy of the analytical
model to recognize the observed effect of axial force, the displacement
profiles obtained from the tests of the model, test of the fulli-scale
structure, and analysis are compared in Fig. 5.1, for the two lateral
loading cases of the top and the first floors.

In both cases, the analytical results and the experimental results
obtained on the full-scale structure (converted to the model scale)
and the model structure loaded with bailast are in good agreement, i.e.,
within =10% of each other. The experimental results obtained on the model
structure prior to its loading with the ballast, however, are as much
as ®100% apart, as observed in Fig. 5.1.

The significance of maintaining the proper level and distribution
of the gravity forces during scaled model testing of R/C structures

becomes apparent from Fig. 5.1. The effects of different amounts of
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shrinkage in walls and columns in fegard to proper distribution of the
gravity loads at the base of the structure, were discussed earlier.
Estimated and calculated distributions of axial force at the base are
given in Fig. 3.4,

The difference in the shrinkage between walls and columns resulted
in a decrease of wall axial force from 26.37 kips to 16.93 kips. Since
the balanced axial force level of this member was evaluated as 175 kips,
the difference between 16.93 kips and 26.37 kips might appear insignificant.
After observing the contribution of the ballast in Fig. 5.1, however,
the significance of the discrepancy caused by different shrinkage of walls
and columns becomes apparent. The decrease in axial force of the shear
wall due to shrinkage of approximately 10 kips, is more than a third of
the expected level of compression in this element due to the full gravity
load. This points out the need to consider all the mechanical character-
istics of the materials in satisfying the similitude requirements and not
just the uniaxial moﬁotonic stress-strain characteristics obtained from
compression tests of cylinders. |

The mechanisms through which the increase in the gravity Toad could
affect structural stiffness and the reasons for the inadequacy of the
analytical model to incorporate these mechanisms were investigated
further,

The displacement profiles in Fig. 5.1 indicated a larger contribution
of axial force to stiffness when the first floor of the structure was
loaded. Since the contribution of the shear deformation in the shear
wall to the total displacement was more significant when the walls
were loaded with low moment to shear ratios, as associated with the
loading of the first floor, the mechanism of the shear deformation of the

wall was investigated further.

50



Considering the main shear wall as an isolated cantilever element,
the effect of different shear moduli, G, on the analvtical flexibility was
computed as shown in Fig. 5.2. The effects of increasing only the shear
distortion terms in the flexibility by a factor of 4 (i.e., G/4) and 10
(i.e., G/10) are observed in this figure. The contribution of shear
terms is observed to be very significant throughout the elevation of the
shear wall. The differences in flexibilities obtained by (1) neglecting
shear distortions,and (2) incorporating shear distortions corresponding
to a shear modulus which was 25% of the nominal value used in the analysis,
were :(1) 12.2 times for the first floor level, and (2) 1.34 times for‘
the seventh floor level. These observations, therefore, indicated that
errors in the shear modulus of concrete, and/or the manner in which
the shear distortions were incorporated in the analytical model, may
easily cause the discrepancy between the analytical and the experimental
results obtained prior to loading of the ballast.

The analysis of the structure was repeated to observe the possible
effects of different assumptions on the shear rigidity of only the shear
wall on the displacements of the complete structure. The results for the
loading cases of the top floor and first floor are presehted in Figs. 5.3
and 5.4. Since the shear wall dominated the response of the total structure,
any assumption on the shear rigidity of this element is observed to be
extremely consequential in the responses of the total structure. It is
observed from the structural responses in Figs. 5.3 and 5.4 that it
may be possible to explain, by the changes in the shear rigidity of
the shear wall, the discrepancy between analytical and experimental
results as well as different experimental results obtained prior to
and after loading of the structure with ballast.

It is important to note that the actual shear displacement mechanism

of the shear wall may be considerably different than as idealized in the
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analytical model, even at the uncracked stage. The force-dispiacement
relations of é typical element may be transformed into the flexibility
relation presented in Fig. 5.5. The axial and lateral degrees

of freedom are not re1ated. Shear distortions and flexural distortions are
related as shown, and are evaluated from cross sectional shear and flexural
rigidities,.GAv énd EI assumed to be constant throughout the element.
These rigidities relate the shear force and bending moment at any cross
section, to the average shearing strain and curvature at that cross section.

E and G are related through the Hooke's Law, assuming isotropic material, as:

E/G = 2(1+v)
where v is the Poisson's ratio. In the Tinear structural analysis
computer code ETABS, the Poisson's ratio is assumed to be 0.20, and the
correspending value of G is used to generate the element stiffness
matrices.

In reality, even if the force-displacement relations given in
Fig. 5.5 may be assumed to represent the response of an R/C wall element
at the uncracked serviceability level, both E and G would depend on the
level of axial stress in the member as well as the strain gradient
over the c¢ross section.

The secant modulus of e]asticity‘at 45% of fé, obtained from
constant strain testing of representative concrete cylinders of the
model material, may be considered to represent a reasonable average
quantity for E, at a stress Tevel representative of the service level,
The value of G, however, is considerably difficult to establish. The value
of the Poisson's ratio, measured from concrete cylinder tests, varied
from 0.15 to 0.40, depending on the level of the axial stress. At
0.45 fé, the value of v was observed to approach 0.20. Although the

validity of the relation between v, E and G as given by the Hooke's Law
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is questionable in the case of concrete, the dependence of v on the
axial stress Tevel is evidence that G should also be dependent on the
axial stress level.

As conclusion, a plausible expianation for the stiffening of the
structure by the added ballast weight, and the inability of the

analytical model to simulate the structure prior to loading of the batl-

tast, may be mainly through the effect of axial force on the shear stiffness

of the shear wall. Before the loading of the ballast, due to different
shrinkage characteristics of the walls and columns,the shear wall was
subjected to tension. This should have resulted in a significant
reduction of the shear rigidity and flexural gtiffness of the wall, and
have led to the disp]acemenfs shown in Figs. 5.3 and 5.4 for the bare
model. The flexural stiffnesses should also be expected to be less than
as depicted in the analytical model, because due to the shrinkage tensile
stress alreadv, some cracks were detected.

When the ballast load is applied, the increase in axial compression
would contribute to increasing the flexural stiffnesses, and particularly
the shearstiffness of the wall, so that the experimental and anaiytical
responses would now be considerably closer, as observed from Figs. 5.3

and 5.4,
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6. CONCLUSIONS

From the results obtained in the experimental and analytical studies
conducted to determine the static and dynamic mechanical characteristics
of the 1/5-scale model, the following main observations can be drawn:

(1) There was good agreement among the values obtained for the
model dynamic characteristics using different methods when the model was
loaded with the artificial mass (lead ballast) necessary to satisfy simili-
tude Taws. Forced and free vibrations led to somewhat larger values of
periods of the model, which are considered to be more realistic than the
other methods.

(2) The results obtained from the loaded model agree véry well
with those reported by Japanese researchers for the full-scale test build-
ing when the slight differences in the weight (mass) are included,

(3) The experimental results also are in good agreement with the
analytical prediction.

(4) The results obtained for the static as well as the dynamic char-
acteristics of the bare, unloaded model (i.e., without lead ballast) neither
agree with those expected from theory nor with those expected from the
values of the loaded model.

(5) Although every possible effort was undertaken to satisfy the
similitude requirements for the model materials, some of the concrete char-
acteristics could not be incorporated in the microconcrete chosen to con-
struct the model. The uniaxial compressive stress»stréin relations attained
for the model microconcrete were quite simitar to the relations obtained for
the material of the full-scale structure. This was the basis of selection

of the model microconcrete, and it was considered at the time that this
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might be adequate for a reasonable repreéentation of the prototype
material. Volumetric changes, particularly shrinkage characteristics
and tensile strength of the concrete, were not considered.

After construction of the model, it was observed that the shrinkage
of concrete, particularly the difference in the shrinkage of members of
different sizes, was significant. Consequently, if cne is interested in
predicting behavior at the service load range, attempting to achieve just
similitude of the uniaxial compressive stress-strain relation of the con-
crete material is not enough for fabrication of a "true replica" small-
or medium-scaled model of an R/C structure. In fact, it is very doubtful
that an adequate Tevel of similitude may be at all attainable between
full-scale concrete and microconcrete used for models of medium and
small scale. This leads to a need to reevaluate the objectives in model
testing, and whether testing of large-scale models is the only way to
achieve "true replica” models when it is of interest to predict the behavior
under small load at or below service level.

(6) In model tests of R/C frame-wall structures or subassemblages
of such structures, representation of the correct axial force levels, par-
ticularly on wall elements, was observed to be extremely significant in
correlation of the results obtained from the tests on different scale
models, Even slight changes in the axial force level of a wall element,
which might be only a small fraction of its balanced load level, was observed
to affect significant]y the lateral stiffhess characteristicsiof the element.

The shearstiffness was affected significantly more than the flexural stiffness.

(7) In the service level linear elastic analysis of frame.wall
structures, the relation of the moduli of elasticity and rigidity, E and

G, with the axial stress level, should be considered. In the one-dimensional
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line element modeling of walls which can underao considerable changes
in their level of axial forces, the shear rigidity corresponding to the
expected axial force level of the wall should be incorporated, rather
than a constant value as is usually considered,

(8) In view of the above results, serious doubts are raised regard-
ing the soundness of predicted responses of frame-wall structures based
on analytical models that do not consider the variation, with change in
level of axial forces, of stiffness (f]exural and shear) of the structure's
members.

Experimental research, to investigate the representative values of
shear stiffness, in function of the axial load levels and moment to shear

ratios of wall elements, is urgently needed.
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RESULTS OF EXPERIMENTS CONDUCTED ON BARE

TABLE 2.1

MODEL TO DETERMINE THE DYNAMIC CHARACTERISTICS

TECHNINUE

DYNAMIC
CHARACTERISTICS

AMBIENT
VIBRATION

DYNAMIC
ANALYZER

FORCED
VIBRATION

FREE
VIBRATION

Fundamental
Frequency and
Damping Ratio
Longitudinal
Direction

9.75 Hz,

9.75 Hz,
2.4%

8.25 Hz.
2.6%

8.70 Hz.
2.5%

Fundamental
Frequency,
Torsional
Vibrations

18 Hz.

17.73 Hz.

Fundamental
Freaquency,
Transverse
Direction

13 Hz.

12.77 Hz,
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TABLE 2.2

LATERAL FLEXIBILITY MATRIX FOR THE RARE UNLOADED MODEL
Units (10-3 in./kip)

olumns -
j J 7 6 5 4 3 2 ]
Rows
7 15.58 13.49 10.81 | 7.96 5.64 3.54 1.92
6 13.14 11.87 9.77 | 7.06 5.15 | 3.28 1.71
5 10.47‘ 9.68 8.08 | 6.17 4,51 2.86 1.58
4 8.04 7.66 6.49 | 5.20 3.94 2.56 1.38
3 5.73 5.56 4.77 | 3.89 3.21 2.16 1.19
2 3.80 3.73 3.25 | 2.66 2.27 1.77 0.99
1 1.98 1.93 1.71 | 1.47 1.22 1.00 0.74

Column and row numbers correspond directly to the floor levels
of the structure.

1 in./kip = 5.59 mm/kN
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TABLE 3.1

WEIGHT OF INDIVIDUAL FLOORS OF THE MODEL

FLOORS: MODEL | ADDED BALLAST| TOTAL | TOTAL WEIGHT

(CONCEIVED FOR| WEIGHT* | WEIGHT** WEIGHT | REQUIRED FOR

MASS MODELING)} KIPS KIPS KIPS | SIMILITUDE
KIPS

7 my 2.24 11.80 14.04 13.83

6 Mg 2.59 12.58 15.17 14.99

5 Mg 2.59, 12.57 15.16 14.99

4 Mg 2.59 12.62 15.21 14.99

3 Bq 2.59 12.55 15.14 14.99

2 m 2.59 12,57 15.16 14.99

1T e M 2.69 12.82 15.51 15.24

G,J;, TOTALS || 17.88 87.51 105.39 | 104,02

*

*%

Total weight of model, including full

Tength of first

floor vertical members, is calculated as 18.34 kips.
Including all fixtures.
1 kip = 453 kg
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TABLE 3.2

THE 7x7 FLEXIBILITY MATRIX FOR THE MODEL
LOADED WITH THE AUXILIARY WEIGHT
Units (10-3 in./kip)

Columns
5 J 7 6 5 4 3 2 1
Rows -

7 11.26 | 8.99 | 7.26 | 5.31 | 3.78 | 2.22 | 0.99
6 Il 9.24 | 7.84 | 6.49 | 4.78 | 3.42 | 2.06 | 0.92
5 I 7.07 | 6.23 | 5.51 | 4.15 | 2.97 | 1.85 | 0.24
4 5.08 | 4.68 | 4.27 | 3.49 | 2.53 | 1.63 | 0.74
3 3.35 | 3.20 | 3.07 | 2.55 | 2.08 | 1.40 | 0.66
5 2.05 | 1.94 | 1.88 | 1.62 | 1.39 | 1.15 | 0.58
1 1.06 | 0.88 | 0.87 | 0.79 | 0.71 | 0.64 | 0.50

Column and row numbers correspond directly to the floor
Tevels of the structure.

1 in./kip = 5.59 mm/kN
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TABLE 3.3

LATERAL EFFECT OF GRAVITY LOAD ON ROOF
AND FIRST FLOOR FLEXIBILITY COEFFICIENTS

DISPLACEMENTS AT EACH FLOOR LEVEL, 1073 in.,
NORMALIZED FOR UNIT LATERAL FORCE

LOADING OF TOP FLOOR LOADING OF FIRST FLOOR
FLOOR |  NO 14 KIPS OF | 87.5 KIPS NO 14 KIPS OF | 87.5 KIPS
LEVEL | BALLAST | BALLAST | OF BALLAST | BALLAST | BALLAST | OF BALLAST
7 15.59 14.60 11.26 1.92 1.69 0.99
6 13.14 12.14 9.24 1.71 1.56 0,92
5 10,47 9,59 7.07 1.58 1.37 0.84
4 3.04 7.26 5,08 1.38 1.23 0.74
3 5.73 5.15 3.35 1.19 1.07 0.66
2 3.80 3.38 2.05 0.99 0.91 0.58
| 1,98 1.78 1.06 0.74 0.71 0.50

1 kip = 453 kg
T in. = 25,4 mm
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TABLE 4.1

ANALYTICALLY GENERATED FLEXIBILITY MATRIX

OF THE MODEL

Units (103 in./kip)

Columns
ngS J 7 6 5 4 3 2 1
7 9.51 |
6 7.94 6.99 SYMMETRIC
5 6.21 5.58 4.87
4 4,64 4,24 3.77 3,30
3 3.14 2.91 2.67 2.36 2.04
2 1.81 1.73 1.57 1.49 1.34 1.10
] 0.78 0.75 0,71 0.68 0.62 0.56 0.40

Column and row numbers correspond directly to the floor
Tevels of the structure.

1 in./kip = 5.59 mm/kN
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TABLE 5.1

FUNDAMENTAL FREQUENCY AND DAMPING COEFFICIENTS
OF THE MODEL IN THE LOADING DIRECTION

Column 1 Column 2
TECHNIQUE OF FREQ. AND DAMPING FREQ. AND DAMP ING
EVALUATION BEFORE BALLAST ' AFTER BALLAST
Ambient Vibration 9.75 Hz. 4,75 Hz.
Dynamic Analyzer 9.75 Hz./ 2.36% 4,78 Hz,/ 2.20%
Forced Vibration 8.25 Hz./ 2.57% 4,55 Hz./ 2.03%
Free Vibration 8.70 Hz./ 2.45% 4,75 Hz./ 1.94%
Pure* 12.45 Hz.. 5.09 Hz.
Analytical|Semi- 9.55 Hz. 4,79 Hz.
Analytical

Note: The frequency of the full-scale structure, after modifying it
by the time scale factor of /5, was determined from free
vibration test as 5.2 Hz, with a damping coefficient of 2.1%.

* Pure analytical result is based on the analytical work
explained in Chapter 4.
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FIG. 2-5 EXAMPLES OF THE NORMAL STEADY-STATE AND
BEATING RESPONSE.
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OF THE 1/5-SCALE MODEL.
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89



rhe

——

COLUMN BASE

25.63 35.36  32.49 30.61
ﬁﬁﬁﬁﬁ ‘,,‘_,*.____7
! !
; !
1
30.68 1667.24 | 33.13
.—‘———~~H‘—— 7—-,
\ t
l | a ’
! !

S A S
39.31 3414 3971 31.70
SHEAR, lbs.

COLUMNS:  33.28%

SHEAR WALL: 66.72%
23,95 31.26 28,96 26.39

_____ ._,*,_”7*_‘_

! !

} i

I

28.85 [ 693,451

R L _as

3761 33.02 3713 28.77
SHEAR, Ibs
COLUMNS: 30.65%
SHEAR WALL: 69.35%
23,35 29.14  28.29  26.35

|
I
| :

i 1 ]
S N
34,11 .29.77 34.15 27.33
SHEAR, Ibs.

GOLUMNS:  28.90%
SHEAR WALL: 71.10%

All forces are normalized io 1000 Ibs. of appiied
external force. All forces are incremental.
Lateral load was applied at the right end and

directed towards the left end.

-230.71 -77.58 92.04 144.66
A S .
1 I
| | |
'l } | ||
16.20 b | 34,68
.___,___H___———-
i
i ! '.
] I |
| i ;
S S S
-248.46 -75.76 104.38 309.89
AXIAL, Ibs.
LOAD AT 7th FLOOR
-214,57 -60,87 82,64 185.71
A S S
¢
R
19|07 { { 18'81
i_*__._i-__74#
' t
I [
i | E )
I ! |
———— e ——
~207.67 68.09 77.63 189,15
AXIAL, Ibs.
LCAD AT 6th FLOOR
-160.72 -46.23 58,75 130.91
»o— = %F——="
T
| [ | 1
| | 1
17.23 | | 10.20
‘7*_7* ————
1 | T
S
!
| [ =
,,,,, I A N
-181.03 -53.63 63,14 174,13
AXIAL, Ibs.

LOAD AT 5th FLOOR

62.3% 45,70 62.00  94.44
| JEnE St S
1

1 1
| 1 ]l

| |
ll ! ! i

80.33

R ]

176.17 78,15 21.63 74.02
MOMENT, ib-in.
57.89 44,56 -3.89 84.35

-
1

[
t | 1
t
Il |[ ! I
|
I

| 70.974__;‘_*.____15’03

(=

r | | l
I | !

| [ |

S A -

110.20 74,97 21.96 68.12
MOMENT, Ib-in.

52.79 37.86 -3.17 78.30
e S G

Lo

67.49 69.19
T‘Vﬁr‘AH]kﬁifﬁ.
| |
| |
[ | !

57.85%

65.73  18.67
MOMENT, Ib~in.

36.98

11bf = 445N
lin., = 25.4 mm

FIG. 2-12 FORCE DISTRIBUTION AT TRANSDUCER LEVEL FROM
FLEXIBILITY TESTS OF THE 1/5-SCALE MODEL
WITHOUT AUXILIARY MASS.

90



21.49 26.12  25.34 23,71
——————— I.————!—u—-—-—-—.
| | |§ 4
2§ a2 {7 8.7 {
3871 26.72
y o
| ' |
i | % I'
| | | [
————— - —— - -
30.47 27.31  31.18 25.13

SHEAR, Ibs.
COLUMNS:  26.13%
SHEAR WALL: 73.87%

18.75 26.53  22.43 22.20

e
; ;
| {

12 i

‘. -

-8
i i i
! | q
1 |
————— - —— % — -4
26.93 25.23 27.93 22.42

SHEAR, ibs,

COLUMNS:  23.67%

SHEAR WALL: 76.39%

16.06 19.53  20.43 16.33

o]

18.21 806.8
t“mA__._ip---‘_—u_-

22.15 20.98  24.41 16.74
SHEAR, 1bs.

COLUMNS: 19.32%

SHEAR WALL: 80.68%

15.24 19.01  16.69 32.48

,,,,,, A
1 |
i I
- ‘ .
8 —

]
A N 1
20.35 19.41 19.47 33.13
SHEAR, Ibs.

COLUMNS:  23.05%

SHEAR WALL: 76.95%

-124.20 -30,95 45,89 9048
§o- - L
]

} { 1 i
24.23 .00
,n——————i———d——-—w-f
D

|
| | t |
o A
-149.48 -32.14 4937 121.50
AXIAL, Ibs.
LOAD AT 4th FLOOR

-97.83 -20,34  32.83 51.08
A S B,
T
i | 1 ]

23.72 | -8.63
- ,,‘—.t,*__f
| ' 1
| | 1 ]
| | | i
Il f 1
O A
-106.14 -21.91 35.58 86.94
AXIAL, Ibs.
LOAD AT 3rd FLOOR

-63.54 -9.49 20.25 30.86
o * e
R
l l I i

24.72 -15.65
W e Ty
.

1
| | ! i
- -
-67.34 -7.17 20.15 46.62
AXIAL, Ibs.
LOAD AT Znd FLOCR

-36.26 -3.96 18.11 -12.07
A S
T
i ! } I

19.62 | -40.83
-——w——i———-tf‘;ff
| ! : I
t I |
I i [ ;
Y NS S

-44.41 -6.32 13.67 -4.05

AXIAL, Ibs.

LOAD AT 1st FLOOR

FIG. 2-12 CONTINUED...

91

50 s___z_&;s___-st_ __ 1045
| i

A

48&_1____‘_#___6_040

1 !
R
|
| | ]
L W
82.76 57.54 15.85 57.93

MOMENT, Ib-in.

40,00 20.57 -3.05  62.58
. P

L T e —
68.48 48.18  13.53  50.17

MOMENT, Ib-in.

32.66 1993 -9.14  65.87
e S SR |

I i i {

[l ! ! |
34.09 | 68,93
T..__ _.-’b-_—?_____.h

I [
i
[1 o

o

63.38 38.22  6.99 58.99
MOMENT, Ib-in.

-4.80 -1.40 -12.87  -51.79
B B e e +

|

i ! I

I [ 1

i { |

TS A S
14.17 15.19 9,24 ~63.88

MOMENT, ib-in.

116f = 445N
lin. = 254 mm



1in, = 25.4 mm ®
1ft =0305m 5'~ 6 29/64" - ]
P 1 1 ]

172"
e

g4

3 —1115/64"

10— S BIEAT 4 2 3
Q" i'—5

8 15/32"

ANGLE  2”w1 /2753716
14" THREADED ROD
~"A325 8" LONG

STEEL PAD 1/47% 34 25 147

3wz

MODEI. FLOOR
51L.AR

3/8" 10 PIPE LEAD INGOT DIMENSIONS
174" PLATE 3"k 9Lk 412"

(b) TYPICAL LEAD INGOT USED AS BALLAST. (c) 1/5-SCALE MODEL LOADED
WITH BALLAST.

FIG. 3-1 LOADING OF BALLAST ON THE 1/5-SCALE MODEL.

92



o ® ® ®

f i H i
Il !
L 432 i 1062 U
= '::j,? ~ = ==—x —{FRAME &
} (3.90) " 8.36) i i |
1l i
| 1 | il H [
[ 5 k i I i |
. 312 h | } I |
TR A
| 1l ! fl I !
I ! Il ‘
i
h——«-——ig-sz L, - LA LANP S “FEmE
: I
f H
. I
: Il
It
il
I
I}
L FRAME O
>IO<)( = FORCES CALCULATED (XXX)= FORCES CALCULATED
FOR MODEL FOR FULL-SCALE /25
TOTAL = 10585 Kips TOTAL = 9724 Kips

FIG. 3-2 COMPARISON OF AXIAL FORCES AT THE BASE OF
THE MODEL (Due to its’ own weight & the added
ballast) WITH THOSE OBTAINED FROM THE FULL
SCALE MODEL. (Kips)

P @ ® @
[l RN 0 i
36| 902 9.02 36l
B === -r=g=="fc——=p="=-8 —[FRAME_A]
(300 [ (8lo) T (849) T (302)
{ I i i I I ]
| H i I i 1 |
! I | ! i I i
93 1 R 293
-:_;j_;TL;:,:#-n—H—-#;:T:TT_:*] —{FRAME B
(22[0) H =1Kip=“4.45kN H (240)
[ 0 I i i I !
I I i I i !
| 1 I [l 1 It
I T I
361 | 902 || 902 i 38l
| e ettt . _ A—————————
{2.90) (9.36) {8.60) (2.70)
I|;| b i

li
XXX = COMPUTED INCREMENTAL (XXX) = MEASURED INCREMENT
OF AXIAL FORCE OF AXIAL FORCE

TOTAL = 56.38 Kips TOTAL = 50.78 Kips

FIG. 3-3 COMPUTED AND MEASURED INCREMENTS
OF COLUMN AXIAL FORCES AFTER LOADING
THE BALLAST. (Kips)

93



I ! i |
| i il
794 10.09 1044 8.1 -
-::::F*:::.:::.F'r:: ——=—=—=—=1 —{FRAME &
(4.32) i {1082y |} (1082} | {432)
: | h I [ I
[ l }1 Il f Il
| 1.28] T I [ les
3] T I I IR
Il I | it
| il i " i i !
96 I 1693 il 661
.;::i“—:T_:H::’_’* ——_—-#E -
(362) ﬂ no(2637) 0 HEEYE
! fl | f ’
| i ” t |l il |
128 | I Kip = 4,45 kN It Il 128
~(3.12) T I | NEEIE
i Il /] 1l It It
] 1 T 1] I It |
733 f k77 [ 1074 i 5.8
gty -{FRAME_C}
(4.32) {10.62) {10.62) (432}
L_ | 1 B
{XXX) = CALCULATED, BASE XXX = MEASURED AND
ON TRIBUTARY ESTIMATED FROM
AREAS TRANSDUCERS
TOTAL = 10585 Kips TOTAL =1{05.85 Kips

FIG. 3-4 EXPERIMENTALLY ESTIMATED AND CALCULATED
DISTRIBUTION OF THE AXIAL FORCES AT THE BASE
OF THE STRUCTURE. (Kips)

FIG. 3-5 FORCED VIBRATION TESTING OF THE MODEL
AFTER BEING LOADED WITH THE REQUIRED
BALLAST.

94



AMPLITUDE (15° g)

200
180 F
AMPLITUDE
—— AVERAGE AMPLITUDE (16°q)
160 f oo MAXIMUM 160 .
[ MINIMUM IS Pua 0147 9
AMPLITUDE i,
140 f 140 | ——— AVERAGE
----- MAXIMUM

P - — MINIMUM

120 L 5 -0125¢ 120
Puax _
100 - 100 z =0.104g
f=447, f,-466
£+, f=4.48, 1,-466 |
80 =456 80 :
2 e fl-r f, 57 !
f,- 1 ‘ ; B I
eo-&fz* ) \ 60F . fo-f 1l i\
&fz”.:l'g?% /! I\
'1 o\
40+ 40 | i 8
| S
20t wari T 20 = !
1 o %f It
__/\ﬁ t 1 1i 1 ]l | I _./\,4L 1 3 ALI 4L|L2 1 i
0 40 42 44 46 48 50 0 40 42 4.4 46 4.8 50
FREQUENCY (Hz) FREQUENCY (Hz)

FIG. 3-6 TOP FLOOR ACCELERATION- FIG. 3-7 TOP FLOOR ACCELERATION-
FORCING FREQUENCY FORCING FREQUENCY
RELATIONS, FRAME A. RELATIONS, FRAME B.
AMPLITUDE (IO g)

140
TORSIONAL TORSIONAL
=767, {,=8.
120 F pMAX=O.|249 (T8 18
fiof, .
TRANSLATIONAL z 814
100 f.-f
-2 1l-577%
£+ f
80
TRANSLATIONAL
f =555, f,=6.55
60 A
L2,
+5%-805
40 €=fz:f1=8.26%
f2 fi
20

FREQUENGCY (Hz)

FIG. 3-8 TRANSLATIONAL AND ROTATIONAL RESPONSES
OF TOP FLOOR FORCED WITH DIFFERENT FREQUENCIES.

95



96

FIG. 3-9 STATIC TESTING OF MCGDEL.

M/}— LOAD CELL

FIG. 3-10 TURNBUCKLE, LOAD CELL AND
CABLE USED IN STATIC TESTING.
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FIG. 3-11 EXPERIMENTAL DEFLECTION PROFILES
OF MODEL WITH FULL BALLAST LOAD.
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FIG. 3-12 EFFECTS OF ADDED GRAVITY LOADS ON THE
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FIG. 3-13 EFFECTS OF ADDED GRAVITY LOADS ON THE

LATERAL DISPLACEMENT OF THE STRUCTURE
WHEN LATERALLY LOADED AT THE FIRST FLOOR.
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(b) TYPICAL COLUMN CROSS SECTION

FIG. 4-2 CROSS-SECTIONAL PROPERTIES DEFINED IN THE
ANALYTICAL MODEL.
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FIG. 4.3 ANALYTICAL MODE SHAPES AND FREQUENCIES

FOR MODEL BEFORE AND AFTER IT WAS LOADED
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FIG. 4-4 ANALYTICALLY PREDICTED LATERAL DEFLECTION
PROFILES OF THE 1/5-SCALE MODEL.
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APPENDIX A

STIFFNESS MATRIX AND FREQUENCIES CALCULATED
FROM EXPERIMENTALLY GENERATED FLEXIBILITY MATRIX

A.1 General Remarks

Stiffness matrices and frequencies were calculated from experimen-
tally generated flexibility matrices for the structure, using the computed
values of translational masses and corresponding diagonal mass matrices.
Problems in computation were identified and the reasons for non-symmetry
of the experimentally generated flexibility matrix, as well as for the
possible errors in the measurement of the displacement, were discussed
in Sec, 2.3.3 of the report.

In this Appendix a feasible method is presented for conditioning the
experimental flexibility matrix to become positive-definite in order to
resuylt in a realistic and positive-definite stiffness matrix. Accuracy
of the stiffness matrix and frequencies are also discussed. This problem
is considered relevant, particularly when it is desired to obtain the
dynamic characteristics of a test structure by only a static flexibility test.

A.2 Results of Calculations

The flexibility matrices generated experimentaily were not sym-
metric, as mentioned in Sec. 2.3.3. For the calculation of the stiff-
ness matrices and frequencies, however, the flexibility matrices were
rendered symmetric by using the average values of corresponding off-
diagonal terms, i.e., fij = (fij + fji)/Z’ for the fo]1owin§ reasons:

(1) The corresponding stiffness matrix can be obtained as a sym-
metric matrix, simplifying the solution process of an eigenvalue problem,
and facititates the conceptual understanding of the results of the calcu-

lations. A1l eigenvalues will be real, and eigenvectors will be orthogonal
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with respect to the mass matrix and with respect to the stiffness
matrix, if the resulting stiffness matfix is symmetric.

(2) As meﬁtioned in Sec. 2.3.3, to induce measurable displace-
ments, the lateral loads that had to be applied to the different .floors
were sufficiently Targe to induce nonlinear response of the structure;
this was considered to be a main reason leading to unsymmetry of the
flexibility matrix. However, it was desired to apply the elastic theory
in the analyses, which required that the flexibility matrix must be
symmetric,

(3) In the computer code CAL 78 [A.1], used for the calculation,

a symmetric stiffness matrix is required for the solution of an eigen-
value problem,

Using the computer code CAL 78 in which the Gauss elimination method
is used for matrix inversion, the stiffness matrix was obtained by
inverting the experimentally generated flexibility matrix. The result-
ing stiffness matrices for the structure, with and without ballast load,
are presented in Tables A.1 and A.2, respectively. The stiffness matrix
for the structure without ballast load, presented in Table AQ], has nega-
tive values in the main-diagonal terms (k22 and k33) and is not positive-
definite. This is contrary to the theory that a stiffness matrix (also
flexibility matrix) should be positive definite if a structure is stable.
Therefore, it has no meaning from the engineering standpoint, The stiff-
ness matrix for the structure with ballast load, however, is positive
definite. |

In order to compare the result with an analytical result, an analy-
tical flexibilitv matrix was generated, using the computer code SAP 81
[A.2] and was inverted to obtain a stiffness matrix. For the determina-

tion of the analytical flexibilitv matrix, the structure was idealized
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as described in Sec., 4.1, and the cross-sectional properties of the
elements shown in Fig. 4.2 were used. Compared with the analytical
result presented in Table A.3, the coefficients of the main diagonal
terms k11 to k77 of the stiffness matrix for the structure with
ballast load, range from 0.86 to 1,09 times the corresponding co-
efficients of the analytical stiffness matrix.

The frequencies of vibration were also calculated, using the
computer code CAL 78 [A.1], in which the Jacobi diagonalization method
is used to solve the following eigenvalue problem:

K¢ = Méa
where K, M, ¢ and ) are a symmetric stiffness matrix, diagonal mass
matrix, eigenvectors, and eigenvalues, respectively. The computed
values of translational masses presented in Table 3.1 and the stiff-
ness matrices obtained hy inverting the experimental flexibility
matrices were used., Results of calculations are presented in Table
A.4 and Fig. A.1, with experimental results obtained from the dynamic
tests and with the analytical results. An important observation is
that the calculated frequencies (semi-analytical frequencies), of 1Ist
and 2nd mode, agree well with the experimental freauencies for the
structure with ballast Toad, and with the unloaded (bare) structure
whose stiffness matrix contained negative diagonal elements.

It is also important to note that the semi-analytical frequency
of the highest (7th) mode for the structure without ballast load was
imaginary because the stiffness matrix was not positive-defiﬁite. There
are some differences observed between analytical and semi-analytical
frequencies as well as between analytical and experimental freguencies,
especially in the 1st mode for the structure without ballast load.

The reasons for these differences have been discussed in detail in
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Sec. 5.1 and 5,2.
Results mentioned above indicate:. (1) a stiffness matrix

- obtained by inverting an experimentally generated flexibility matrix
may not be accurate, and occasionally conceptually meaningless;
(2) frequencies of vibration still can be calculated with reasonable
accuracy, especially for the lower modes, using such a stiffness
matrix and a computed mass matrix, i.e., a semi-analytical process.
It is also implicated that slight errors in the measured coefficients
of a flexibility matrix may result in a meaningless stiffness matrix
with negative diagonal elements and that some meodifications would
then.be needed to obtain a meaningful positive-definite stiffness
matrix from an experimental flexibility matrix,

In order to obtain such a real and positive-definite stiffness
matrix for the structure without ballast load, the following modifica-
tion to condition the experimental flexibility matrix to become positive-

definite was carried out and evaluated.

From vibration theory,

2
Ko = oy Moy, (1)
where K = stiffness matrix
¢ = normalized mode shape (¢§ Mo, = 15 ¢; My, = O for any m#n)
@ = circular freguency

M

]

diagonal mass matrix
After premultiplying Eaq. (1) by (T/wi) ¢I Mf and (1/m§) ¢; Mf,
respectively, the following expressions are obtained
2 T _ .
1/ = N M Mg, (2a)
0= o MF My (2b)

where f is a flexibility matrix.
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from Eqs. (2a) and (2b), the following equation can be obtained.

14 0
o Mo = /62 = diag [1/0,;?] (3)
0 1
where, ¢ = [¢]’ ¢29 ‘.a¢n]

Using the equations, @T

[M@]_] = @T, a flexibility matrix can be written as follows:

Ms = I, or [@T M]_] = ¢ and

f

i

¢ diag [1/w$] o (4)

or

r]!
2 :

Using the Eqs. (4) and (5) and substituting the semi-analytical values
of ¢ and w for the 1st to 6th modes, but the analytical values of

¢7 and w, instead of the semi-analytical ones because the semi-analytical
value of (w7) was imaginary, the experimental flexibility matrix for the
structure without ballast load was modified. The wodified flexibility
matrix is presented in Table A.5 with the flexibility matrix before -
modification. The stiffness matrix and frequenciés (which were calcu-
lated from the modified flexibitity matrix in the same manner as that
described earlier) are presented in Table A.6.

It is observed that the modified flexibility matrix is.nearly equal
to the flexibility matrix before modification, such that the discrepancy
between the individual coefficients of the matrices before and after
modification, is not more than 0.7 percent. The stiffness matrix

calculated from the modified fiexibility matrix differs considerably
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from the one presented in Table A.1, and is a positive-definite matrix.
Compared with the analytical stiffness ﬁatrix presented in Table A.3,
the coefficients of the main-diagonal terms kH to k77 range from 0.76
to 1.37 times the corresponding analytical values.

It is also important to note that the frequencies calculated
after the modification of the flexibility matrix are almost identical
to the frequencies before modification, except for the 7th mode frequency
which was modified as previously described.

Using the ana]yticai values of w and ¢ for the 5th to 7th modes
instead of the semi-analvtical values for the structure without ballast
load, the modification procedure described previously was carried out
again in order to investigate the effects of more extensive modification
on the stiffness matrix. In this case, the resulting stiffness matrix
did not differ considerably from the previous one, presented in Table A.6,
which was obtained from the flexibility matrix modified by using the
analytical value of wand ¢ for only the 7th mode. The difference in
the coefficients of the main-diagonal terms k]] to k77 between the two
stiffness matrices was not larger than 14 percent, The possible reason
that the derived stiffness matrix in this case was quite similar to the
previous one is that the discrepancy between the analytical and semi-
analytical values of w andg¢ for 5th and 6th modes was not very large
when compared to the discrepancy observed for the 7th mode.
| An explanation of the sensitivity of the stiffness matrix to higher
frequencies of vibration may be as follows:

As expressed in the Egs. (4) and (5), a flexibility matrix is a
function of circular frequencies (uk). Since the value of (1/u§)

4

decreases from the arder of 107" to the order of 10'7 as the order of

mode (k) increases, as shown in Fig. A.1, the values of the coefficients
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of the flexibility matrix are significantly affected by the values
of (]/mi) for Tower modes while the contribution of the values of
(T/mi) for higher modes is verv little.

In the same manner, a stiffness matrix is also expressed as a

function of (wk)’ as shown below.

K=o diag [m?] o (6)
or
n 4
Kij = O (45 " o 7 45) (7)

It is obvious that the values of the terms in the stiffness matrix

are significantly affected by the value of (wi) for higher modes while
the values of (wi) for Tower modes contribute very little. In other
words, higher modes dominate the form of the stiffness matrix while
Tower modes are influential on the flexibility matrix.

A.3 Concluding Remarks

From the results described previously, the following conclusions
may be drawn.

(1} A positive-definite stiffness matrix could not be obtained by
inverting the experimentally generated fiexibility matrix for the bare
structure, The stiffness matrix contained negative values in the
main-diagonal terms and, therefore, was meaningless. The stiffness
matrix obtained for the structure with ballast load, however, was
positive-definite., However, an uncertainty regarding the ré]iability
of the stiffness matrix, attributed to very slight numerical inaccur-
acies in the measured coefficients of the flexibility matrix, was present
for this case as well, ST1ight numerical inaccuracies in flexibility

were ohserved to strongly affect the stiffness matrix through the
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inversion pkocess and such inaccuracies might still exist despite
efforts made during the experiment to gvoid them.

(2) The frequencies of vibration for the structure, with and
without ballast load, were calculated with reasonable accuracy, except
for higher modes, using the stiffness matrix obtained from the experi-
mental flexibility matrix and the computed mass matrix, i.e., following
a semi-analytical process. The semi-analytical freguencies of 1st and
2nd modes agreed well with the experimental results obtained from the
dynamic tests. The slight numerical inaccuracies in the measured coef-
ficients of the experimental flexibility matrix had no significant
influence on the calculation of the frequencies of lower modes. These
results indicate the significance of generating dynamic characteristics
of a structure by carrying out a static flexibility test only.

(3) The stiffness matrix for the bare structure without ballast
load, obtained from the flexibility matrix modified by using the method
described in this Appendix, was a positive-definite matrix. This modifi-
cation procedure was considered effective in conditioning the experimental
flexibility matrix to become positive-definite in order to result in a
realistic and positive-definite stiffness matrix.

(4) Since it was not possible to generate the structure's stiffness
matrix experimentally, both in the U.S. and Japan, because of limitations
in Toading and measurement techniques, inversion of the experimental
flexibility was the only possible way to generate this matrjx. A
strong sensitivity of the stiffness matrix to even slight errors in

the measured flexibility coefficients was observed.
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LL=Y

STIFFNESS MATRIX CALCULATED FROM EXPERIMENTALLY GENERATED

TARLE

Al

FLEXIBILITY MATRIX FOR THE STRUCTURE WITHOUT PALLAST LOAD
{PARE STRUCTURE)
UNITS (KIP/AIN)
CQRREEPQNDING:(j) 7 ) | 4 3 2 i
FLOOR
LEVEL.
(1)
7 Sl
& 563 |—&058 SYMMETRIC:
5 -~3439 111687 |~13380
£ 2048 1-BA3ZE TEE7 14&9
3 -115 HLET7 -~ 283 —~ 327 7898
E —-17& V444 | =470 Ph4gy |-a997 &77T
1 383 2659 44735 | -2T7H8 1168 |-3286%9 4635

1 kip/in. = 175 N/mm
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TABLE A.Z2

STIFFNESS MATRIX CALCULATED FROM EXPERIMENTALLY GENERATED
FLEXIRILITY MATRIX FOR THE STRUCTURE WITH BALLABT LOAD

UNITS (KIP/IN)

ZL-v

CORRESPONDING: (j) 7 & r 5 4 3 2 1
FLOOR
LEVEL.

(1)

7 el B

& ~3534 | 7981 SYMMETRIC:

5 £79 |-45%51 | 7802

4 428 | —164 |~3746 | 6974

3 433 24 [~1138 [ ~3544 | BB1Z

) 363 | -572 720 40 | ~4669 | 7799

1 ~1@26 | 15;m -3 -y 43 [ ~4140 | 6530

1 kip/in. = 175 N/mm
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TARLE A.3
ANALYTICALLY GENERATED STIFFNESS MATRIX OF THE STRUCTURE
UNITSE  (KIP/IND
CORRESPONDING:(j) 7 & 5 4 3 z 1
FLOOR
LEVEL R
(1)
7 2307
& ~3477 | T&RT SYMMETRIC
5 @31 | -4802 | 8045
4 166 582 | ~a7abd | 80&s
1 133 ~271 bEG | 4764 8181
E 5é 422 ~3b 673 |~av744 | Q0B84
1 17 13 Gz ~-1@ &54 |-4505 | 7013

1 kip/in, = 175 N/mm




TABLE A.4

FREQUENCIES OF THE MODEL STRUCTURE

(AP BEFORE LOADRING WITH BALLAST (THE BaARE MODEL)

UNITE  (Mz)

DETERMINATION
TECHNIQUE

MUDE

and

Al

ath

Hth

Hih

Tth

® GEMI-ANALYSTE:

42,5

f[9.3

1 &%

N % %

ANGLYST S

Gé. B

G4 &

S

DYNAMIC TESTH:

G B

(BIAFTER LOADING WITH BALLAST

UNTTS

Mz

DETERMINATION
TECHNIQUE

MODE

15T

SND

ARD

X

A3TH

&TH

FTTH

BEMI-ANALYSIG:

4,79

18.1

1.4

T

9.8

ANALYBIE

13.9

e O

%45

184 .

DYMNAMIC TESTS:

17 .86

» GEMI-ANALYSIS!BASED ON ANALYTICAL MASS AND MEASURED FLEXIBILITY
CHARACTERISTICS

*¥%¥ T{h FREQUENCY IS IMAGINARY




(a)

TABLE A.5

FLEXIBILITY MATRIX GENERATED EXPERIMENTALLY FOR THE
STRUCTURE WITHOUT BALLAST LOAD

PEFORE MODIFICATION:

UNITS (1879  IN/KIP)

(b

CORRESPONDING® () 7 ) 5 4 3 2 1
FLOOR

LEVEL:s

(1)

7 13.59

& ] 13.31 11.87 SYMMETRIC:

b 13. 64 Q.72 g.aa

4 8.00 7.36 &H.33 5.2

3 5.68 5,35 4. 64 3.91 3. 21

2 3. 67 3.50 3.85 2.61 2.21 1.77

1 1.95 1.8z 1.64 1.3% 1.20 P9 . T
AFTER MODIFICATION:

CORRESPONDING:( j) 7 & 5 4 3 2 i
FLOOR
LEVEL ¢

(i)

7 15.60

& 13.380 | 11.50 SYMMETRIC

5 10. 64 G. b7 8.13

4 7.98 7.38 &. 30 5.21

3 5.&7 %.35 4. b4 3.91 3.21

2 F. 87 3.58 3.846 260 2.21 1.77

1 1.96 1.83 1.63 1.40 1.20 .99 . T4

1 in./kip = 5.5% mm/kN
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TABLE A.6

STIFFNESS MATRIX AND FREQUENCIES CALCULATED FROM THE
MODIFIED FLEXIBILITY MATRIX FOR THE STRUCTURE WITHOUT

BALLAST LOAD

{(a) STIFFNESS MATRIX: UNMITS (KIP/IN)
CORRESPQNDING:(j 7 & 5 £ 3 2 1
FLOOR
LEVEL s
(1)
7 1748
& 2797 3143 SYMMETRIC
35 799 | 6689 | 18582
4 LY T34 | ~4304 7158
3 335 243 267 [ ~447Q aiez
Z 418 {1 -1847 723 235 | 4698 7353
1 634 1471 [ ~1161 -31 E51 [~-4163 &HA72
{b)YFREQUENCIES: UNITE  (Hz)
MODE
187 ZND 3RD 4TH 5TH &TH 7TH
BEFORE P05 43.5 89.3 141, 1éb. 241, N/A*
MODIFICATION:
AFTER :
MODIFICATION: ?. 353 42.5% 89.3 143, 165, 243, 264

* 7TH FREQUENCY IS IMAGINARY

kip/in, = 175 N/mm
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T | I |
EXPERIMENTAL RESULTS OBTAINED
Ix10°3 i FROM DYNAMIC TESTS
WITH FULL BALLAST
@mmrmm CALCULATED FROM
_4 1 EXPERIMENTALLY GENERATED
Ix 10 LS FLEXIBILITY MATRIX
‘T-: (v ANALYTICAL
¥ WITHOUT BALLAST
[\
1 Al Ossummmn CALCULATED FROM
v EXPERIMENTALLY GENERATED
d FLEXIBILITY MATRIX
1105 ] &mmmi ANALYTICAL
[
——' ®
Pa &
g’*“" H
®
1x10© e
7"
--‘J
T
=7
Ix10
Iﬁ 2nd 3rd 4jh 5fh th
MODE
FIG, A-1

COMPARISON OF CALCULATED CIRCULAR FREQUENCIES OBTAINED
FROM EXPERIMENTALLY GENERATED FLEXIBILITY MATRIX AND
ANALYTICALLY PREDICTED STIFFNESS MATRIX






APPENDIX B

U.S. CUSTOMARY-SI CONVERSION FACTORS

in. = 25.40 mm
in. = (0.,0254 m
ft = 0.305m
sg in. = 6.45 cm2
cu in. = 16.40 cm3
cuyd = 0.765m°
1b = 0.453 kg
ton = 907.2 kg
1bf = 4.45 N
psi = 6.9‘kN/m2
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E.P. Popov and V.V, Bertere - Apvil 1979(PB 298 2671106

"The Development of a Mathematical Model to Predict the Flexural Response ¢f Reinforced Concrete Beams
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A.K. Chopra - Feb. 1979(PB 298 262) A06
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¥. Mengl and H.D. Mchiven - Feb. 1979(PB 298 266) A06
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by M.A. Manrigque, V.V. Bertero and E.P. Popov ~ May 1279(PB 301 114)a06
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"The Design of Steel Enerqgy Abscrbing Restrainers and Their Incorxporation into Nuclear Power Plants
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by M.A. Bhatti, E. Polak and K.S. Pister - July 1979(PB 80 167 021)A05

"ANSR-II, Analysis of Nonlinear Structural Response, Users Manual," by D.P. Mondkar and G.H. Powell
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5. viwathanatepa, E.P. Popov and V.V. Bertero - August 1979(PB 81 124 Q18)Al4

"Shaking Table
R.L. Mayes and

Study of Single-Story Masonry Houses, Volume l: Test Structures 1 and 2," by P. Gulkan,
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"Shaking Table
R.L. Mayes and

Study of Single~Story Masonry Houses, Volume 2: Test Structures 3 and 4," by P, Gilkan,
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"Shaking Table Study of Single-Story Masonry Houses, Volume 3: Summary, Conclusions and Recommendations,”
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"Undisturbed Sampling and Cyclic Load Testing of Sands," by S. Singh, H.B. Seed and C.K. Chan
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"Earthquake Response of Concrete Gravity Dams Including Hydrodynamic and Foundation Interaction
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"Cyclic Inelastic Behavior of Steel Offshore Structures,” by V.A. Zayas, S.A., Mahin and E.P. Popov
August 1980 (P81 196 180)Al5

"Shaking Table Testing of a Reinforced Concrete Frame with Biaxial Response,” by M.G. Oliva
October 1980(PB8L 134 304)Al10

"Dynamic Properties of a Twelve-Story Prefabricated Panel Building," by J.G. Bouwkamp, J.P. Kollegger
and R.M. Stephen - October 1980(FBS82 117 128)a06

"Dynamic Properties of an Eight-Story Prefabricated Panel Building,™ by J.G. Bouwkamp, J.P. Kollegger
and R.M. Stephen = Octaober 1980 (pPB81 200 313)A05

“Predictive Dynamic Response of Panel Type Structures Under Barthquakes,” by J.P. Kollegger and
J.G. Bouwkamp - October 1980(PBSl 132 316) 404

"The Design of Steel Energy-fbsorbing Restrainers and their Incorporation into Nuclear power Plants
for Enhanced Safety (vol 3): Testing of Commercial Steels in Low-Cycle Torsional Fatigue,” by
P. fnrnenr, E.R. Parker, E. Jongewaard and M. Drory

"The Design of Steel Energy-absorbing Restrainers and their Incorporation into Nuclear Power Plants
for Enhanced Safety (Vol 4): Shaking Table Tests of Piping Systems with Energy-Absorbing Restrainers,"
by S.F. Stiemer and W.G. Godden - Sept, 13980

"The Design ©of Steel Fnergy-Absorbing Restrainers and their Incorporation into Nuclear Power Plants
for Enhanced Safety (Vol 5): Summary Report,” by P. Spencer

"Experimental Testing of an Energy-Absorbing Base Isolation System,” by J.M. Kelly, M.S. Skinner and
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"Simulating and Analyzing Artificial Non-Stationary Barthguake Ground Motions," by R.F. Nau, R.M, Oliver
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"Earthquake Engineering ar Berkeley - 1980," - sept. L280(PBBL 2C5 374)A09

"Inelastic Seismic¢ Analysis of Large Panel Buildings,™ by V. Schricker and G.H. Powell - Sepr. 1980
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"Dynamic Response of Embankment, Concrete-Gravity and arch Dams Including Hydrodynamic Interaction,”
by J.F. Hall and A.K. Chopra - Gctober 1980(PB31 152 324)All

"Inelastic Buckling of Steel Struts Under Cyclic 1pad Reversal," by R.G. Black, W.A. Wenger and
E.P. Fopov - October 1980(PB81 154 312)A08

"Influence of site Characteristics on Building Damage During the October 3, 1974 Lima Earthguake," by
P, Repetto, I. Arango and H.B. Seed - Sept. l98C(PBBlL 1561 73%)A05
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"Experimental Behavior of a Spatial Piping System with Steel Energy Absorbers Subjected to a Simulated
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system supported by Mechanical Shock Arrestors and Steel Energy Absorbing Devices under Seismic
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UCB/EERC-82/07 "“"Further Study of the Earthquake Response of a Broad Cylindrical Liquid-Storage Tank Model," by
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UCB/EERC-82/08 "An Evaluation of the Design and Analytical Seismic Response of a Seven Story Reinforced Concrete
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UCB/EERC-82/15 "The Performance of Stairways in Earthquakes,” by C. Roha, J. W. Axley and V. V. Bertero - September
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