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PREFACE 00 R A O

PESYE -1839R4

Experimentation, which may be defined as the process of acquiring knowledge through
physical observations and measurements, has been and will remain to be an essential aspect
of earthquake engineering research. We resort to experiments whenever we need answers
that cannot be obtained with sufficient confidence through analytical predictions.
Conventionally, experiments have been utilized to study fundamental phenomena that either
have cscaped our attention or have been inadequately understood, or 1o develop or verify
analytical models, or to derive empirical detailing requirements for behavior modes too
difficult to model analytically.

Future issues and trends in experimental research must be driven by the demand of the
public for adequate damage control and seismic safety of new and existing structures.
Experimentation should support analytical modeling, seismic code developments, and the
assessment of seismic performance of existing structures. In this context the need exists to
take stock of (a) what information has been provided by experimental research in the past,
(b) what aspects of experimental research should become the focus of future activities, and
(c) what improvements are needed in testing methodologies.

As part of the U.S.-P.R.C. Protocol for Cooperative Earthquake Studies a workshop was
organized 10 address these issues, particularly the third one. The goal was to bring together
leading ¢xperts in experimental research from the U.S. and the P.R.C. to give
presentations and participate in working group discussions on issues related to
improvements in methods of experimental research in earthquake engineering. Topics for
discussion included advances in laboratory and field testing technologies, experimental
procedures and protocols, innovative testing methods, sensor and dita acquisition
technology, and experimental methods for specific applications. The specific objectives of
the workshop were as follows:

» Assess the state-of-the-knowledge in experimental methods.

+ Discuss methodologies that will improve the realism, reliability, and usefulness of
experimental research on structures.

+ Identfy future developments needed to improve experimental methods.

The workshop was held in Shanghai, P.R.C., from November 10 to November 12, 1992.
The workshop consisted of plenary presentation sessions and discussion sessions. In the
plenary sessions the participants gave presentations on the state-of-the-knowledge or on
new developments in experimenial methods. In the working group sessions the
participants focused on an assessment of the statc-of-the-knowledge and future
development needs in specific sub-areas of experimental methods. The conclusions of the

working group sessions were discussed in a plenary session and summarized in the
workshop resolutions.

These workshop proceedings document the workshop resolutions as well as the written
contributions prepared for the workshop. The organizers are deeply indebted to the authors
who have prepared original and thoughtful contributions for this publication. Much
appreciation is expressed also to the local organizing committee of Tongji University,
whose tireless efforts have contributed much to the success of this workshop.

Sponsorship for the workshop was provided by the Earthquake Hazard Mitigation Program
of the U.S. National Science Foundation (Grant BC5-9210034), the China Academy of
Building Sciences, and Tongji University. This support is gratefully acknowledged. The



opinions expressed in the papers and the resolutions presented hercin are, however, those
of the authors and participants and do not represent the official positions of the sponsoring
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WORKSHOP RESOLUTIONS

The U.S.-P.R.C Workshop on Experimental Methods in Earthquake Engineering was
implemented as part of the U.S.-P.R.C. Protocol in Cooperative Earthquake Studies,
Annex 3. The participants appreciate the efforts of the organizers of the Workshop and
extend their sincere appreciation for these arrangements. It was agreed that the Workshop
was held with mutval respect and friendship among all panticipants. In the group

discussions the following resolutions where concluded:

1.

Advancements and refinements in experimental methods are needed in order to provide
the fundamental global and detailed knowledge required to mitigate the adverse effects
of earthquakes on structures. These needs exists particularly in the evaluation of
existing structures, in the development and verification of innovative design concepts
and structural systems, and in the study of important problems in which presently
available experimental methods are found to be inadequate, such as soil-structure
interaction problems.

. In order 10 maximize the benefit of experimental research it is important to take full

advantage of the intellectual capabilities and experimental facilities existing wortdwide
and to promote collaboration between countries and institutions that have
complementary facilities and problems of common interest. To this end, the following
actions are recommended:

*  Identify available facilities.

» Identify important problems for which solutions are equally applicable in

participating countries.
» Identify vehicles for exchange of personnel and information.

. The workshop participants from the P.R.C. and tihe U.S.A. recognize ihat coramon

interests exist among researchers and practitioners of the two countrics, that the
workshap dialogue should be continued, and that cooperative experimental research on
issues of interest to both countries should be enccuraged.

. Improvements in experimental methods, testing facilities, and instrumentation are

needed particularly in the following areas:
+ [ixperimentation on complete structural systems.
+ Response under two- or three-directional excitation or loading.



» Experimentation on innovative structural systems and active and passive control
devices and mechanisms.

» Experimentation for damage modeling and earthquake damage assessment.

» Experimentation for evaluation and upgrading of existing structures.

= Real earthquake experimentation on carefully selected existing structures
(instrumentation of soil [down-hole] - foundation - structure systems for the
evaluation of seismic demands and capacities).

* Structure diagnostics for detection of damage that may affect the response of
structures 1o earthquakes.

+ Development of guidelines and criteria that assist in the selection of appropriate
experimental methods, test procedures, and loading histories.

» Improvement of existing methods and development of new methods for exciting
structures in the field or laboratory.

. Research is needed on the development of instrumentation plans, sensors, and signal
processors that permit reliable measurement of all important demand (e.g., ground
motion) and capacity (e.g.. interstory drift) parameters. Full advantage should be taken
of recent developments made in instrumentation technology in other fields.

. Field experimentation needs to play a more important role in experimental research in
earthquake engineering. Emphasis should be placed on instrumentation of structures in
arcas where severe earthquakes might occur soon, so that structural response can be
rccorded and evaluated in the inelastic (damage) stages. Consideration should be given
to the construction and instrumentation of intcationz lly weak structures in a test field at
a suitable [ocation of high seismicity in order to obiain comprehensive information on
the inelastic (damage) behavior of complete soil-structure systems in a realistic seismic

environment. Opportunities should be sought for tests 10 destruction of structures
scheduled for demolition.

. A wide array of experimental methods has been developed and rapidly occurring
advances in technology have provided realistic methods for simulating and recording
earthquake effects. Research is needed to advance and verify these methods and to
characterize the advantages and limitations of various methods. In particular, research
is needed to characterize effects of

+  Strain rates

+ Loading histories

*  Small, intermediate, and full scale specimens (size effects)



» Laboratory versus field experiments

+ Experiments on components versus complete systems.
In addition, research is needed to improve the reliability, accuracy, control, and realism
of

+ Shaking table experimentation

«  Pseudo-dynamic experimentation

+  Quasi-static experimentation

« Field experimentation.

Funding is needed to improve the effectiveness and capabilities of facilites needed to
perform cxperimental rescarch. To this end, it is recommended that efforts be made to:
» Upgrade the loading, instrumentation and data acquisition systems at existing
laboratories
+ Identify needed specialized test facilities (large shaking tables, reaction walls,
field test sites, eic.) and carry out feasibility studies for their implementation.

. To enhance the utilization of experimental data in research and its application to the

development of improved design and analysis methods, efforts are needed to establish
minimum standards for:
* Documentation of experiments (description of specimens, instrumentation,
loading apparatus, etc.) and result (observed data, recorded data, exc.)
+ Archiving of test information
* Dissemination of test information.
Researchers and users of experimental research should convene to discuss and establish

these protocols and identify technological issues to be resolved to implement these
protocols.



Large Triaxial Shaking Table and Experimentation
on Critical Structures and Equipments

CHEN Hougqun' JIANG Zhichao?

( Institute of Water Conservancy and hydroelectric Power Research )

ABSTRACT DR A

PE95-183984

State—of—the—art in major large triaxial shaking table testing facilities
around the world is briefly reported. The main features of the large triaxial shak-
ing table with six degrees of freedom installed in the Institute of Water
Conservancy and Hvdroelectric Power Research (IWHR) in China are presented
in details.

Experimentation on critical structures and equipments both in laboratory
and in field, including large arch dam, control rod system of nuclear power plant,
and Facilities of petrochemical industry,is described in this paper.

INTRODUCTION

Recently the progress in ascismic designing by means of advanced computer
is very remarkable. Particularly, design of some critical structures and facilities,
such as large dams and nuclear power plants, has incorporated progressively
more sophistical seismic analysis. Since analysis involves idealization and assump-
tion, it is , therefore, necessary to supplement and relate analytical work to exper-
imental results both in laboratory and in field in order to improve the mathematic
model and creat greater confidence in design. Unfortunately, experimental sup-
port and confirmation has not, in general, kept pace with the rapid development
of computerized analytical seismic design methods. Moreover, there are still some
actual constructions that are difficult to be mathematically simulated. Obviously,
improvement in design by rational experimental programs will minimize waste by

1 Professor, 2 Senior Engineer, Institute of Water Conservancy and hydroelectric
Power Rescarch, Beijng, P.R.C.



making such structures and facilities safer and more economical. This situation is
particular important for China as a developing country with high seismic activity
and the settlement of large populations in those areas.

Today, special emphasis in dynamic experiments is given not only to check-
ing and improving mathematic modg¢ls and to determining the dynamic character.
istics, but mainly to collapse mechanisms, optimum reducancy for stability and
energy dissipation, functionzl failure, large deflection failure, structural repair,
etc. In order to solve all those problems, a large earthquake simulator with
accurately programmed acceleration inputs are increasingly desired. However, for
some problems such as the dynamic interaction of dam—foundation—reservoir
system with the cosideration of water comprassibility effects, that are sensitive to
canyon and reservoir geometry as well as the reservoir bottom reflection
coefficient, model test on shaking table appears inadequate and field
measurements are necessary.

In this paper state—of—the—art in large earthquake simulation triaxial shak-
ing tables is briefly introduced and experimentation on critical structures and
equipments both in laboratory and in field are described.

LARGE TRIAXIAL EARTHQUAKE SIMULATION
SHAKING TABLE

The present state—of—the—art in earthquake simulation testing is well de-
fined by the ability to accurately reproduce previously recorded earthquake mo-
tions in all three directions on a large—scale table. For many ecritical structures,
such as large dams and high—rise buildings, scaled models have to be adopted. In
order to satisfy the simularity relationship a broad frequency range is required for
those scaled model tests. However, because of the magnitude of capital
investment and the degree of technical complexity, there are only a few large
triaxial ¢arthquake simulation tables actually in operation around the world up to
now as shown in Table 1 in which their main specifications are summarized.
In 1986 a large triaxial earthquake simulation shaking table was installed in In-
stitute of Water Conservancy and hydroelectric Power Research (IWHR),

For carrying out aseismic experiments and researches on various engi-

neering structures and equipments, in particular, on large dams including
interaction of reservoir and foundation as well as on nuclear power plants. Its

10



Table 1  Main Specifications of Large Triaxial Shaking Table

. IWHR TU ISMES | SERC AEDI |
Specification .
(PRC) (PRC) (Ialy) (UK) {Russia)
Size of table(M) §x5 4x4 4x4 Ix3 6x6
Max. load ]
1 30
weight(T) 20 3 3 50
Frequency 0.1-120 0.1-50 0.1-120 | 0.1-100 3-80
range(Hz)
Max. acceleration(g)
Horizontal 1.0 0.8~-1.2 3.0 1.0 1.2 J
Vertical 0.7 0.7 2.0 1.0 1.0

main features are briefly described below.

* In order to keep any vibration of the foundation below a level at which
it might become annoying to surrounding laboratorics and people, a heavy foun-
dation with two parts was adopted. Some springs can be inserted between two
parts while necessary.

* The steel table body consists of a top plate with variable thickness, con-
nected by vertical webs to form a square cellular system. Its fundamental frequen-
cyis 148 Hz and the weightis 23.5 T.

* Seven actuators are used, 4 vertical for Z direction combined a preload
chamber in their lower part, and 3 horizotal, among which 2 for X direction
and 1 for Y direction. The hydrostatic piston rod bearings are used. Both bear-
ing and piston are coated with special plastics, giving good sliding properties un-
der high side loadings. The actuators are protected against overload by special
plastic springs and a special hydraulic cushion on the top of upper chamber.

*= The adjustable, free of backiash universal joints coated with special plas-
tics are used.

* An analog control system with a broad bandwidth closed multiloop
with three parameter’s input and feedback together with a digital control system
of ITFC software (Iterative Transfer Function Compesation) are used. The
digital control system is supported by an array processor to make the perform-
ance of computations much faster than that in standard configuration.

11



A special designed programmable supervisory controller is used to maxi-
mum simplify the operation of the system and to protect it from various kinds of
failure and brcakdown cases.

A programmable PCM data acquisition system up to 100 channels and a
specially developed data processing software DSP based on PC/ XT,
PC / AT, 286, 386, 486 computer are provided.

Tne shaking table has been in operating with success for more than 6 years
and contributes well to aseismic designing and safety comfirmation of various
kinds of sturctures and equipments.

EXPERIMENTATION ON CRITICAL STRUCTURES
AND EQUIPMENTS

China is a country of high seismicity. The regions where earthquake had oc-
curred almost cover the whole territory. So the critical structures and equipments
have more probability to experience strong earthquakes. As the accident caused
by damages of critical structures and equipments can inflict grave catastrophe
upon surroundirg communites, great efforts have been devoted to comfirming the
safety and reliability of cnitical structures and eqiupments in order to minimice
risks of catastrophe. It is unanimously agreed among professionals in earthquake
engineering that the most important factor in aseismic designing of important ob-
pcts is its successful precedent, evaluated and projected through scientific
descipline with the help from experimental tests whenever necessary.

As the shaking table in IWHR is the largest and most advanced one in
China, various kinds of critical structures and equipments have been carried out

on the table. Some representative examples can be listed as follows:

* Models of high arch dam of 240 M with reserveoir and foundation, high
reservoir intake tower and ship—lift guide tower for large hydroelectric projects;

* Control rod system, reactor containmenthigh pressure safety injection
pump of nuclear power plants.

* Models of different unchored oil—storage tanks with {loating roof and
ring foundation;

12



* Models of high—rise buildings, frame work, television tower, and struc-
tures with various kinds of isolation and energy dispersion devices;

+ High—voltage clectrical equipments of different types.

As space is limited, in this paper only some examples of typical results are il-
lustrated.

1. A scismic verification test of the control rod system of a pressurized wat-
er reactor of a nuclear power plant was carried out to confirm its scramability.
The test system was supported on a special designed frame of 5.3 M to simu-
lating the boundry condition of the cover of reactor pressure vessel. Some artifi-
cial waves were generated according to the floor response spectra at the support
point. An Objective Digital Compensation technique was used for controling ta-
ble motion to minimize the error between the desired and achieved motions at the
point. The dynamic behaviors and seismic responses of various elements as well
as the dropping charactenistics of the whole system were investigated.
Fig—1, Fig—2 show the typical insertion time history and displacement response
trajactory at the top. The test results allowed positive conclusions on the reliabili-
ty of the system to be drawn, both from the functional and safe point of view.

2. Tests for three different tank models welded from steel and aluminium
sheet to represent oil—storage tanks with capacity of 3000, 5000 and 50,000 M?
in prototype respectively were accomplished on the table. Both the tank with
floating roof and vapor preventer and their reinforced concrete ring foundation
with filled—in soil were modeled to meet the simulation requirements within elas-
tic range. The models were carefully manufactured to limit the initial deviations
from their specified radius by as less as 0.005. Instrumentation was installed to
measure the most siginificant features of the tank response around the tank, such
as acceleration, hydrodynamic pressure, membrane and bending strain, uplift dis-
placement of the bottom. Also, wave height of the liquid surface at 15 points
were recorded and processed directly through a microcomputer. An artificial
accelerogram generated by fitting a response spectrum with sufficient long period
component up to 10 second as well as the frequently used El Centro
accelerograms were adopted as input test signals. Additionally, a three sine wave
with sloshing resonance frequency was generated in cases for measuring
movement of sloshing surface and floating roof with reference to Japanese prac-
tices.

13



Many meaningful conclusions were drawn from the test results and some of
them were adopted by the technical regulation of carthquake resistance in
petrochemical industry. As examples, in Fig—3 and Fig—4 the results of uplift
and sloshing measurement are illustrated.

3. A typical example for field tests is the China-U.S. cooperation in
earthquake studies on several large arch dams which began in 1981. The princi-
pal objective of the research is to obtain improved understanding of the dynamic
interaction mechanisms between arch dam and its foundation rock, as well as be-
tween the dam and its compressible reservoir water; and also to develop dynamic
responsc analysis procedures that would represent the interaction mechanism
more realistically and conveniently.

In 1991 a new cooperative research program was completed successfully
in Dong Jiang Dam, a 157 M high double curvature arch dam in China. In this
test, in addition to the measurements of acceleration response of dam and
hydrodynamic pressures along dam surface and in the reservoir, the new research
program focuses on detailed ficld measurements of the spatial variation of three
component input motion around the dam—foundation contact, the actual wave
coefficient « and topography of the reservoir near the dam. For this purpose an
important aspect of the test is to excite the dam and the foundation by using ex-
plosive charge placed in an array of boreholes with water stemming, as opposed
to the shakers used in previous test.

The measured acceleration and hydrodynamic pressure responses were
compared with analytical predictions.

F.g5 shows the measured responses at crest and their calculated
accelerograms due to the measured input varying along the canyon,

Based on the past experience we look forward to a more broad foreground

of cooperation in laboratory and field experimentation with both home and over-
sea colleagues.
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Development of a Three-Dimensional Earthquake Simulator
at USACERL

John R. Hayes, Jr.
Structural Engineering Team
Engineering and Maierials Division, Infrastructure Laboratory
US Army Construction Engincering Research Laboratories
Champaign, IL 61826-9005

Paper given at US/PRC Workshop on Experimental Methods in Earthquake Engineering
Tongji University, Shanghai, PRC, 10-14 November 1992

INTRODUCTION

This paper outlines cursent efforts by the US Army Corps of Engineers Construction Engineering
Research Laboratories (USACERL) and the Mid-America Consortium for Earthquake Hazard Reduction
(MACEHR) lo convert the USACERL Biaxial Shock Test Machine (BSTM) from its current biaxis! motion
capability to a fully three-dimensional (implying translational capabilities in three orthogonal directions,
accompanied by appropriate rotations) earthquake simulation system. The outline will briefly comment on
the need for such rescarch capability in the US, discuss events leading to the current conversion efforts,
and describe the planned facility development. The author's intent is to inform the reader of the initiative
and stimulate dialog with others in the US and international research communities concerning the types of
testing that should be undertaken and the partnerships that should be developed to optimize the utility of
upgraded facility.

The Need for Triaxial Earthquake Motion Simulation Capahility

The most compelling reason for providing triaxial motion (ie both translations along and rotations
sbout three orthogonal axes) to simulate earthquake ground motion is that both observation and
instrumentation have shown clearly that the ground moves in a random manner, with no definite correlation
among orthogonal axes of motion, in major seismic events. There frequently is not a single preferred
direction for significant components of ground motion at a given site. Often accompanying the random
pature of the direction and magnitude of the measured motions at a site is randomness in the phasing and
frequency of motions in different orthogonal directions. In the US today, there is po large or medium
shaking table platform capable of producing controlled motions that can faithfully reproduce this truly
random nature of ground motion for testing structural models. Experimental efforts to “replicate” actual
carthquake ground motions to date have generally centered upon performing biaxial (ie translations and
rotations involving the vertical axis and one orthogonal horizontal axis) tests in one of two ways:
performing scparate biaxial tests, one for each of two orthogonal horizonta! axes of the test structure, or
performing single biaxial tests in which structural models are oriented at some angle that is neither
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perpendicular nor parallel to the primary horizontal axis of table motion. Both procedures have serious
shortcomings. In the former. since economy of building scale dictates allowing inelastic structural behavior
under severe earthquake motion input , the principle of superposition no longer applies. Cne cannot simply
assume the results of tests conducted about & test structure’s primary orthogonal horizontal axes are directly
additive. In the latter. the tesl specimen oriented at the odd angle, while it receives motions input at an
angle other than one of its two primary axes, still experiences motion input about a single axis. There is
no meaningful duplication of the observed random ground motions in actual seismic events.

Of course, there is also rapidly growing worldwide analytical capability. Advances in nonlincar
dynamic structural analysis techniques have made computer modelling more of a reality. However, the
complexity of modelling in the nonlinear, and dynamic, regimes still presents not yet surmountable
obslacles in producing praclical, design-oriented 100ls that can provide significant insight into post-elastic
structural response to earthquake motions. As stated by Professor Mete Sozen of the University of Ilhnois
recently (Reference 1), “observation is still the essential ingredient in dealing systematically and confidently
with matenals and structural types having poorly understood behavior. Unlike forces related fo gravity,
earthquake forces act on structures very infrequently. While errors made in relation to gravity forces are
almost immediately tested before accumulating a large inventory of vulnerable structures, errors made in

relation to earthquake forces can be repeated hundreds or even thousands of times before experienace reveals
the error.”

In Reference 1, Professor Sozen provides several noleworthy specific examples of structural
failures in US earthquakes that have been universally attributed to shortcamings in our knowledge about
three-dimensional structural response to ecarthquake ground motions:

1. Torsional effects were cited as primary contributions to failure of the JC Penney Department
Store Building in the 1964 Anchorage, AL, earthquake, and in the Pino Suarez Building in the 1985
Mexico City earthquake.

2. The now-famous “soft-story” failure of the Olive View Medical Center in the 197] San
Fermando, CA, earthquake prompted extensive post-failure analysis. The analysis was not able to resolve
completely the reasons for the large lateral displacements associated with the failure. Subsequeat thought
among informed researchers has been that the lack of good theoretical or analytical models that consider
three-dimensional response was the major reason thal analyses were not effective.

3. In the 1979 Impenal County, CA, earthquake, the Imperial County Services Building in El
Centro, CA. was severely damaged. It was coincidentally well-instrumented, so good estimates of actual
lateral and vertical forces were available. The calculated building resistance did not correlate distinctly with
the observed failure mechanisms. As Professor Sozen has wryly pointed out, if the building had not failed,
the same analyses could have been used to explain why the structure did not fail!

As a result of the lack of understanding about three-dimensional motion phenomena, earthquake-

resistant structural design is negatively impacted in two ways. First, unexpected catastrophic failures can
occur. Second, and more sublle and pervasive, designers and builders adopt overly conservative
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construction philosophies, raising construction costs and reducing architectural and functional innovation
in building design.

There is growing international endorsement of the need to study three-dimensional earthquake
phenomena. Indeed, three-dimensional shaking tables arc being operated around the world today. There
are at least fourteen major such facilities in the People’s Republic of China, Russia, Japan, the Federal
Republic of Germany, Greece, Italy, Romania, and South Korea; the institution hosting this workshop,
Tongji University, has a new three-dimensional shaking table. Within the US research community, there
is widespread conviction about the need for three-dimensional earthquake simulation, yet no such capability
is currently available. To their credit, staff members at the Univeraty of California, Berkeley, have also
sh. 7 inlerest in pursuing an upgrade of the excellent Berkeley shaking table to full three-dimensional
capability; but, in a country the size of the US, with a number of different heavily populated areas of high
seismic risk, more research than can be accommodated on a single table is needed.

A Brief Chronology

USACERL is among several laboratory organizations within the US Army Corps of Engineers;
others include the US Army Waterways Expeniment Station and the US Army Cold Regions Research
Laboratory. USACERL performs infrastructure and environment-related research that directly supports
design, construction, operations, and maintenance of US mililary facilities worldwide. Among many other
research mission areas, USACERL performs structural enginecring research. The USACERL Biaxial Shock
Test Machine (BSTM) was designed and constructed by MTS Systems Corporation in 1971, as a supporting
element for the structural engineering research mission. The BSTM was originally devised to perform
shock tolerance testing of equipment intended for use in the old SAFEGUARD antiballistic missile
program. This origin provided the impetus for many unique features in the BSTM; the features provided
advantages over other shaking tables (then and now) for simulating the weapons effect-induced ground
motion environment that was postulated for threats to the SAFEGUARD system, but there were also some
limitations imposed on the system capabilities insofar as earthquake ground motion simulation was
concerned. More will be presented on this later in the paper, but, briefly, the table has relatively high
frequency and high acceleration capabilities for large payloads; these are somewhat offset in the seismic
environment by relatively smalt displacement ("stroke®) capabilities and associated velocity limitations.

In recent years. the emphasis on weapons effect research bas lessened, while there has been
growing concern within the US govemment over the potential vulnerabilities of federal and other facilities
10 the effects of major earthquakes. For the past three years, USACERL has had a growing Army-funded
program to study the vulnerabilities of, and possible retrofit techniques for, existing military facilities in
seismically active regions. The majority of these facilities are very “conventional” in their construction
details; they closely resemble their non-govemmental counterparts. As enginecers al USACERL became
more and more aware of this, it became obvious that the Army research program could benefit immensely
from close cooperation with the US university community, principally the University of Itlinois at Urbana-
Champaign (UIUC), and, to a lesser extent, the private sector. USACERL was originally sited in
Champaign largely because of its close proximity to the UIUC and its world-renowned civil engineering
research talents.
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USACERL engineers opened dialog with UIUC researchers about renewed seismic research
cooperation in 1988-1989 (there had been close cooperation in the 1970%s). It was clear at the outset that
USACERL could gain much from closc partnership with UIUC in this ares: UIUC researchers were in tum
interestad in the applied perspective of the USACERL program and the mutual developinent of the BSTM,
with associated research programs. Professors Mete Sozen and William Hall were very supportive of the
partnership and were instrumental in all subsequent initiatives that have occurred. Professor Sozea initially
proposed an upgrade of the BSTM 10 a three-dimensional “Earthquake Simulation System™ in 1986. As s
result of this renewal, in July 1990, USACERL hosted a workshop to address the use and possible upgrade
of the BSTM. The workshop involved federal engineers from vanous agencies (eg National Science
Foundation, National Institute of Standards and Technology), university researchers (including the National
Center for Earthquake Engineening Research), and a select number of engineers from the US private sector.
The workshop panclists made a number of recommendations concerning the BSTM (Reference 2). With
respect (o this paper, key among them were:

1. USACERL should pursue general upgrade of BSTM system capabilities and should specifically
pursue upgrading the BSTM 1o a triaxial configuration.

2. USACERL should develop more research partnerships with other research organizations,
particularly the UIUC and other members of the university community.

The second recommendation has generated exciting activity between the university community
and USACERL. In January 1991, USACERL hosted a meeting of researchers from UIUC, the University
of Michigan, the University of Minnesota, and the University of Texas, Austin, to discuss the formation
of a consortium of institutions located in regions of generally low to moderate seismic risk; the consortium
would focus primarily upon experimental seismic structural engineering research. The initially invited
institutions all had active experimental research programs, so they could form a solid nucleus.
Philosophically, the tie that bound all together was the collective concern about the need for research
addressing the needs of vanous US regions where large magnirude earthquakes are known to be infrequent,
hence resulting in less stnngent building code requirements than for more active regions. All of the
universily representatives at the initial and subsequent meetings endorsed the consortium concept and, in
parsllel, a pursuit of & triaxial upgrade for the BSTM, with future joint usage in cooperative research
projects. Since that time, two additional institutions, Memphis State University and the University of
Washington, have joined, and the consortium is now informally known as the Mid-America Consortium
for Earthquake Hazard Reduction (MACEHR). It is important for the reader to note that MACEHR is an
informal collective of institutions with common interests and research goals. ltis not a formal organization,
and “members” do not currently plan te formalize the organization or exclude others who may wish to
*join.*

With the support of the MACEHR, USACERL has pursued the first recommendation, that of
upgrading the BSTM to a true six degree-of-freedom triaxial configuration. USACERL submitted a
proposal to the US Army for fiscal year (FY) 1993 funding of a proposed upgrade for the BSTM.
USACERL staff members are currently awiiting notification conceming Army support of the proposed
upgrade. The proposed performance charactenstics of the upgraded shaking table were developed
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cooperatively by USACERL and the initial MACEHR members; the characteristics represented a consensus
of practical changes that could be implemented without severe cost penalties.

Proposed Triaxial Upgrade for BRSTM

A brief description of the current facility is appropriate to help establish a solid background for
detailing the proposed upgrade. References 2 and 3 provide thorough overviews of the existing table’s
characteristics; they will be summarized here.

Figures 1 and 2 present traditional log-log “tripartite” plots of the performance envelopes of the
BSTM. Figure | shows vertical performance, while Figure 2 shows performance for the one current
horizontal axis of motion. Maximum velocity for both axes of motion is 30 inches per second (76 cm/sec).
For a nominal 12,000 pound (5,450 kg) payload, the maximum raled vertical acceleration is 30 g, while
the maximum rated horizontal scceleration is 20 g. The table is capable of testing larger paylosds at
commensurately lower pezk accelerations. The 60,000 pound (27,240 kg) payload-related acceleration
plotted is not the table payload limit; it is the largest payload tested to date. For smatler payloads, the
BSTM has proven to be controllable over a frequency range of 0-600 hz.

The test platform is a twelve foot (3.66 m) square aluminum weldment with an internal cellular
coastruction; the platform thus balances weight reduction and stiffness. It weighs approximately 12,000
pounds (5,450 kg) and has a first natural frequency near 200 hz. A total of 15 electrohydraulic actuators
is used to drive the table. Nine vertical actuators provide s total force of 810,000 pounds (367,700 kg);
six honzontal actuators provide a total force of 450,000 pounds (204,300 kg). Vertical stroke range is 2.75
mches (7 cm), while horizontal stroke range is 5.5 inches {14 cm), both measured peak-to-peak. Scparate
vertical and horizontal concrete reaction masses are used, with a combined weight of about 4,000,000
pounds (1,816,000 kg).

The BSTM is controlled by a predominately analog system that is original equipment. It controls
cach actuator individually with a separate closed-loop control circuit consisting of three integrated feedback
loops. By interconnecting the control loops of the 15 actuators, five degrees of freedom are controlled:
vertical translation, horizontal translation, roll, pitch, and yaw. Lateral displacement is passively restrzined
by spherical hydraulic bearings attached to the horizontal reaction mass. The analog system also controls
scveral other parameters: force balancing, overshoot and ringing, stabilization, model center of gravity
effects, and actuator cross-coupling.

A minicomputer-based digital system is used to generate test time-history waveforms. It is flexible
and can be used to generate shock, seismic, random vibration, sine sweep, and s vanety of other
waveforms. The primary current data acquisition system is a 60 channel modular signal conditioning system
which rocords to a 70 channel magnetic tpe recorder. USACERL has acquired 32 channels of
microcomputer-based digital data acquisition and is pursuing the acquisition of additiona! such channels.

Since the outset of discussions among the engineers involved in the proposed upgrade, two
overriding philosophies have prevailed. First, given budgetary constraints, building a new triaxial test
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facility has not been considered feasible; modifying the existing facility has been seen as the only realistic
option. Second, while the goal has been to develop a capable triaxial earthquake simulation system,
USACERL engineers feel the existing biaxial-mode capabilities must be maintained. As mentioned above,
the first upgrade proposal was developed in 1986. In that proposal, for the Triaxial Earthquake Simulation
System (TESS), the envisioned tnaxisl configuration had two alternatives, based on a 60,000 pound
{27,240 kg) payload: 1.7 g peak acceleration, or 3.4 g peak scceleration, in each of the two horizontal
axes. The existing biaxial performance envelopes would have heen maintained, but manual switching of
system valving would have been required in changing from biaxial to triaxial test configurations.

USACERL and other members of the MACEHR have developed a new consensus performance
requirement for the now-proposed triaxizl upgrade; the upgrade would provide a balance of performance
and economy. The proposed upgrade will provide a triaxial capability as shown in the tripartite plot of
Figure 3; the existing biaxial capability will be maintained as well. In the triaxial configuration, both axes
of motion would have peak acceleration capabilities of 2.0 g, for a 120,000 pound (54,480 kg) specimen;
the existing horizontal axis would still have a 5.5 inch (14 cm) stroke, while the new axis would have a
twelve inch (30.5 cm) stroke, again measured peak-to-peak. Detailed performance requirements are shown
in Table 1 (Reference 5). Figure 4 (Reference 5) presents a plan view of the proposed new configuration.

Key features of the proposed upgrade are discussed in References 4 and 5. A number of
preliminary analyses has been performed to validate the conceptual framework of the features. Several of
the more significant factors involved in the upgrade are listed briefly here.

Perhaps foremost among these factors is that, to balance economy with functionality, blowdown
accumulators will provide peak forces for table molion. A study of the sustained pumping capacity needed
to provide the peak performance indicaled that both the initial acquisition cost and the operating (ie
electricity) cost would be high. MACEHR engineers arrived at & 10 second requirement for peak force
capability; for such a time period, accumulators provide an economical altemate solution (this is consistent
with the current operational concept for the BSTM). Both the existing accumulators and 48 pew high
pressure accumulators wauld be needed to develop the required test forces.

The new axis of motion will require a number of major modifications to the existing table,
mechanical system, and foundation. A single new honzontal actuater will be added on each appropriate
side of the table (see Figure 4). The table itself will require slight structural modification; the existing slide
beanng mounting plates will be used to accommodate attachment points for the new actuators. The table
is essentially surrounded at table level by the horizontal reaction mass. This reaction mass is reinforced
with both deformed bars and post-tensioning rods. Cutting small access boxes for the new horizontal
actuators will require cutting some of the existing bars, but not the rods. The reinforcement was onginally
configured primarily to prevent fatigue failure of the concrete, not to accommodate high service stresses.
Therefore, preliminary analysis {Reference 5) indicates reinforcing the mass to offset the loss of the bar
continuities will be needed but not difficult. The swivels on all 15 existing actuators will require
replacement with new swivels that can accommodate the more substantial angular movement that will be
associated with the added translation.
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New analog controls and new digital data scquisition systems are planned.

Several dynamic tests have been conducted with the BSTM to analyze critical performance
characteristics associated with the planned tnaxial configuration. The tests and analyses have focused upon
the friction in the actuation and restraint systems, oil column resonant frequencies, friction and resonance
effects on the acceleration waveforms producible, overturning moment restraint stiffness and capacity, and
foundation response to dynamic input. While some further testing is planned to complete the analyses, there
appears to be no serious impediment to the envisioned upgrade process.

Proposed Future Research Activities

Predominant thought within the MACEHR consortium is that the upgraded capability will lend
itself best to proof testing of scaled models of structures and their components. USACERL and partner
consortium members have considered a number of initial research thrusts for the proposed facility.
USACERL's current pnmary focus is in the reinforced concrete and masonry structural system arena. The
US military has an abundance of existing “nonductile” structures that likely will require seismic retrofit in
coming years, so Army-sponsored research is likely to continue in this area. This is consistent with other
MACEHR members’ desires to study reinforced concrete frame-wall structures. They cite (Reference 1)
recent joint US-Japan studies on a seven-story structure at Tsukuba Research Laboratory. Predicted and
measured base shears in the structure differed significantly. Subsequent small-scale model tests of the same
configuration at the University of Californmia, Berkeley, and at UIUC raised many questions about dynamic
behavior of the structure under imposed biaxial horizontal (+ vertical) motions. Therefore, a probabls early
test series would involve the Tsukuba structure at approximately 179 scale. Complementing such a model
structure test series would be a number of component tests to study fundamental behavior, In particular,
the behavior of columns under imposed biaxial horizontal motion would be a significant test initiative; both
bending hysterisis and shear would be studied.

MACEHR members also propose {Reference 1) to study torsional-translational behavior of braced
steel moment frames; the results of using irregularly-shaped framing systems in regions of low to moderate
seismicity; torsional effects due to structural and mass eccentricities in composite steelconcrete systems;
out of plane response of masonry systems, particularly unreinforced masonry in regions of low to moderate
seismicity; diaphragm action in steel joist roof systems used in regions of low to moderate seismicity;
connection details in precast and prestressed concrete structures, and both passive and active structural
control systems.

USACERL is a federal research institution. It is important to note that the BSTM is available for
use on a cost-reimbursable basis by anyone in the US, within minor limitations imposed by the US Army.
USACERL staff members intend that this policy will continue in the future if the proposed upgrade is
implemented. Plans cutlined herein involve MACEHR member institutions because of the common interests
shared by all. The USACERL staff will welcome the opportunity to work with other institutions.
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Proposed Triaxial Conliguration
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I X direction Y Girecticn "Z direction
Table Weight 12 kipe (existing)
Specimen Weight 120 kips
Actuaters € - 62 kip (existing) 2-&kip 9 - T4 kip (existing)
Streke +2.75 in. (exisling) £60in +1.38 in_ (existing)
Velacity Winssec 30 in/sec 20 inJsec
Acceleration 20g 20g 10g
Base Shear T2 kips (06W) | 72 kips (06 W)
Base Mewent ki i
p orpoy 6000 kip-in. 6000 kip-in. 4000 kip-in.
g‘dhhn poy ) $500 kip-ia. 8500 kip-in. 6000 kip—in.

Table 2 ~ Desired Performance Characteristics of 3-Dimensional Earthquake Simulator
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Signal Reproduction Fidelity of
Servohydraulic Testing Equipment

D. A. Kusner, J. D. Rood, G. W. Burton
MTS Systems Carporation, Eden Prairie, Minaesota, U.S.A.

ABSTRACT: Servo-hydrauylic systems are often used in pseudo-dynamic, structural, and
shaking table systems to simulate carthquakes, test the seismic resistance of structures and
components, and to verify analytical models. High fidelity reproduction of the excitation
signal is imperative to ensure that unknown or unwanted experimental errors are not
introduced into the test. Knowledge of the potential sources of system wave form infidelity
would greatly enhance the researcher's ability to ensure the best test results through
intelligent systemn design. This paper provides a technical discussion of various sources
and effects of wave form distortion and how to reduce them in servo-hydraulic systems.

1 Introduction

Distortion analysis is a complex issue when using multiple degree-of-freedom, closed-loop
electrohydraulic servo systems. There are many potential sources of distortion, and many
of them highly interdependent on each other and on various system parameters. In most
cases, it is difficult to assign specific values to these sources of distortion let alone their
potential effect on test results.

The best approach to system design and specification is eliminate and reduce these sources
of distortion and to size the system so that the performance envelope lies outside areas of
high distontion. Compromises must often be made when considering distortion, overall
system petformance, and cost.

The following sections describe measurement, sources, and types of distortion. In the
final section, a typical performance envelope for a medium to large seismic system will he
presented. The areas affected by each type of distortion will be shown.

This report provides a better understanding of the complex topic of distortion and enables
the reader 10 make better decisions regarding operating and sizing issues,

2 Oistortion Measuremant
2.1 Distortion analysis

There are many types of distortion and distortion measurement methods. In seismic
simulation systems, one of the principal arcas of concern is the frequency response of the
system. For high fidelity it is important that the system response has the same frequency
content as the program signal . With other types of systems, parameters such as phase lag,
system roll off, peak values, energy content, resolution, etc., may be deemed 10 be more

important system parameters.
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The most common method of distortion measurement is to measure the total harmonic
distortion (THD) of the acceleration signal. With this method a representative group of
pure fundamenta! frequencies (which span the frequency envelope of the system) is tested,
one frequency at a time usually at two different programming levels. For each frequency
tested the various harmonic components excited in the system are measured with respect to
the magnitude of the fundamental program signal, Figure 1. The ratio of these components
to the fundamental frequency is the total harmonic distortion as defined by Equation 1.

When a digital computer/analyzer is used, a fast Fourier transform can be done on the
response signal. Only the significant components are counted, typically the first three to
ten.

Typical values for a seismic system will be approximately 20% at 1/3 oil column frequency
and dropping off to 5% at oil column higher. Depending on system mechanical
resonance’s, this percentage will increase again at higher frequencies.

2.2 Transducers

When measuring distortion attention should be paid to the type of transducers used, their
operating charactenistics, mounting locations and the parameter they will measure, For
example the arcing motions of actuators, bellcranks, and linkages on some systems can
introduce distortion which may not be apparent from the ransducer readout.

The useful frequency range, transverse sensitivity, and the alignment of the accelerometers
and mounting fixtures are important. Improper use and mounting of accelerometers can
contribute significantly to distortion either directly or by contibuting to control instabilities
This becomes more evident at higher frequencies.

On large seismic tables the location of the accelerometers is very important. It is important
1o mount accelerometers where they can measure the desired control parameter but at the
same time do not pickup local structural resonance's or table deflections that would makz
control more difficult. Since tables cannot be perfectly rigid, it is important to realize that
there will be differences and phase lags between local accelerations throughout the table.

3 Hydraulic Considerations
3.1 Servovalve Characteristics

The most important hydraulic component in terms of distortion and overall system
performance is the servovalve, Figure 2. This section gives a brief overview of servovalve
operation characteristcs for an inertially loaded system such as a seismic system. For a
more detailed analysis see Clark's paper (Clark 1983).

The servovalve is a variable orifice which, in conjunction with the external load (via the
actuator piston area) and supply pressure determines the amount of oil flow through the
servovalve. If there is no external load then full pressure is available across the §/V and
maximumn flow will be developed (open loop velocity). If the actuator piston is
constrained, then there will be no flow and the pressure drop across the servovalve will be
zero allowing for full pressure 10 be developed across the piston.
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Figure 3 shows a range of servovalve spool openings plotted as a function of force (piston
area X pressure) and velocity (flow/ piston area). The ellipse represents the plot of a
simple sinusoidal incrual load (maximum force 90° out of phase with maximum velocity).
Any number of ellipses are permissible provided they lie within the spool opening for this
model. The cllipse shown is the worst case sizing condition which occurs at the
intersection of the acceleration and velocity limits.

Some important points to notice are that the servovalve limits the performance only in the
first and third quadrants, and that this limitation occurs just past the peak force point in the
cycle. Any hydraulic constraints will affect this part of the operating cycle first.

There is a severe non-linearity in the spool opening as the systern passes through peak
force. During the same interval of the cycle the spool must move much faster during A
than during B. This point is often referred 1o as the ‘turnaround’ point. The discontinuity
at this point can be very large and is often referred to as ‘pressure switching'. Operation in
this region will cause the acceleration waveform to be flattened and to have a ‘cusp’ shape.

Field experience has shown that to minimize this servovalve non-linearity, and to aliow for
some design margin for the control system, the load' ellipse should be within the 80%
spool openings and the peak force is limited to 95% of the available maximum. These
margins are based on experience and are frequency dependent; at lower frequencies they
can be decreased.

On system performance envelopes, this ellipse represents the intersection of the velocity
limit and the acceleration limit. This is the most difficult point to attain and determines the
sizing of most of the system components.

At frequencies higher than the oil column the same 'pressure switching’ phenomena can
occur at the intersection of the compressibility flow limit and acceleration limit. At these
higher frequencies the distortion is dominated by mechanical resonant frequencies and
‘pressure switching' is not as noticable.

3.2 Servovalve Spool Lap

Much effort by researchers has been spent analyzing the effect of spool lap and metering
cdge shapes on signal fidelity and cavitation (Royle 1958).

A small amount of valve overlap is desired in standard grade servovalves, The principal
reasons are to minimize internal leakage within the valve and to reduce the need for tight
tolerances. The problem with this type of valve is that there is a dead band where a slight
motion of the spool results in little change in flow. This will result in a slight indent in the
acceleration curve and cause distortion.

This problem has been eliminared in single servovalve applications by the careful grinding
of the spool valves using the actual measured flow characteristics of the valve to set the
amount of grinding.

Studies on the potential benefits of servovalve under lap show that there is no benefit and

that a definite increase in distortion exists at low frequencies and high load conditions due
to the increased internal leakage.
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3.3 Qil Column

A systems' 0il column is an important systemn parameter and will directly affect distortion
and upper frequency performance. Distortion arises from the natural resonance of
specimen/table mass on the oil column spring of the actuators. Typically, on most inertially
loaded systems the natural frequency of the oil column is well within the operating range ¢f
the system.

Operation at the oil column frequency may result in problems with gain but the disto: tion
effects may be minimal. However, operation at frequencies of approximately 1/3 of the oil
column will result in frequency components that can excite the oil column frequency and
cause significant distortion. These frequency components are mainly due to rhe non-
linearity of the servovalves.

Figure 4 shows a wave form with a third harmonic component.

In general, if the oil column frequency is fairly constant, this type of distortion can be
minimized by careful tuning, use of valve lineanzation circuits or computer compensation.

The problem arises when the oil column frequency changes due to changes in the effective
mass of the specimen. This will occur if the specimen mass or the location of the specimen
on the table changes. The cil column frequency might then be moved into an area where
there is slightly greater gain resulting in increased distordon. Fortunately in most cases the
variance of typical test specimens is not that great.

This type of distortion primarily accurs at specific frequencies and tends to be greater at
larger program values, although it can occur at lower values. It is one of the dominant
distortion components.

3.4 Servo valve linearization

Servovalves are inherently non-linear devices where the flow output is proportional to the
square root of the pressure drop across them. Servovalve linearization is a method using
analog electronics to increase the servovalve signal at higher levels 10 help linearize the flow
charactenistics of the S/V. This has been shown {using analog computer simulation
studies) to be of great benefit in regard to distortion.

Recent field experience has verified these simulation studies and resulted in a distortion
reduction of one half at system frequencies at 1/3 oil column and under high load conditions.

This type of compensation technique is useful when iterative computer compensation
techniques are inappropriate.

3.5 Flow limirs

This type of distortion occurs whenever there is any type of flow limit. In an extreme case,
where there is an absolute flow limit and the acceleration loads are relatively small, the
displacement wave form will ‘triangulate’, with the slope of the wave form equal to the
velocity limit, see Figure 5. Flow limits can arise from several sources; pump,
servovalves, or accumulators.
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Flow limits cause increased distortion predominantly at the velocity limits of the
performance curve. The solution is to size the system conservatively and to be aware of
any system parameters which may limit peak flow or the available pressure drop across the
servovalve at peak velocities.

3.6 Force limits

A system can become force limited in two ways. There may be insufficient force due to
compressibility flow limits, or excessive load demands due to system or specimen resonant
frequencies (See 5.4).

At higher frequencies, the compressibility flow requirements (flow required to compress
the trapped oil volume within the actuator) becomes significant. Compressxblhty flow is

proportional to frequency and the stroke capacity of the actuator. This flow requirement in
combination with the servovalve roll off limits the force capacity of actuators at frequencies
at the high end of the performance envelope.

This compressibility flow limit in itself will not cause distortion but will limit the systems
capability to react to perturbations such as those due to cross coupling from other axes.
The solution is to use higher response servovalves or multiple valves to get the required

upper frequency performance.
3.7 Hydraulic piping

The ideal supply for a servovalve system would be an infinite volume, constant pressure
source with zero internal impedance using a fluid which is incompressible, had zero
viscosity but good lubricity properties, infinite heat capacity (no cooling required),
homogenous (perfectly clean), and low density (some mass is required for a $/V to work).

In reality, this fluid is not available. However with careful sizing of components and good
systemn design, the more important limitations can be met. The main issucs (in regard to
distortion:) are pressure loss in the piping distribution, inertial pressure spikes, cross talk
through the hydraulic system, oil cleanliness and dissolved gases.

Flow losses are minimized by conservative sizing of the hydraulic lines and appropriate use
of accumulators. Separate pilot supplies are used to limit the fluctuations to the
servovalves.

Inertial pressure spikes occur at high operating frequencies due to the inertia of the fluid
itself and the increased compressibility flow requirements. These spikes can cause noise
and cross-talk problems resulting in increased distortion. Appropriate line sizes and the use
of close-coupled accurmulators can largely climinate these problems.

Spool friction is due primarily to silting, a phenomena where particles within the il tend o
accumulate in front of the spool edge resulting in a large value of static fricion. This leads
to resolution problems and increased distortion at low programming levels. Clean cil and
the use of dither will alleviate this.

33



Dissolved gases can have an effect at return and drain line operating pressures. Servovalve
‘rumble’ and other hydraulic noise are caused by dissolved gases coming out of solution
downstream from the metering orifices within the servovalve. This will set a lower limit
for background noise level.

4 Mechanical Considerations
4.1 Friction

Friction can arise from a number of sources within a testing system. The actuators contain
a number of friction sources: seals on the actuator, rod bearings and swivels. In addition,
the table may contain a number of sources (depending on the design and layout). Slide

bearings, static supports and mechanical linkages arc a few potential table friction sources.

Frictional loads are not large and typically account for a few percentage points of maximum
system capability. The problem occurs during tumaround where there is a reversal in the
direction of motion, The oil pressure must overcome this static friction before motion can
begin. This causes a discontinuity in the motion. In addition, due to the compliance within
the load path, a certain amount of energy is stored within the load train. Once the system
starts moving, any difference between the static and dynamic friction values results in a
proportion of this energy being released instantaneously. This tends to excite any
mechanical resonant frequencies until the energy has been dissipated as may be seen in
Figure 6.

At peak force (acceleration) operating values, the noise or distortion from friction is small.
However the magnitude of this disturbance is constant so that as the program signal level i,
reduced it becomes an objectionable component. At low programming levels it can result in
acceleration spikes much greater than the program signal.

Due to the high frequency content and short time duration of cach pulse, friction has little
effect on the THD value. But its effect nevertheless can be large on the wave form shape.

In general, this type of distortion is a percentage of maximum system capability so that it is
cntical that the system is not oversized if good low level performance is required. An
example of where this is frequently a problem is in the vertical axis of seismic systems.
Often the vertical actuators are sized by the overturning moment (OTM) requirement . The
actual vertical axis requirements may be much less but the actuators used will be sized
greater due to the OTM. This will result in greater friction (as compared to a system where
smaller vertical actuators were supplied).

Friction from the rod bearings may be significant enough to justify the use of hydrostatic
bearings in some cases. The use of these bearings adds system cost, complexity and pump
requirements. Hydrostatic bearings require longer actuators which in some cases can make
foundation design more difficult/expensive. They can also adversely affect the lateral
natural frequency of the actuator due to the increased mass and length of this type of
actuator.
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4.2 Mechanical resonant frequencies

Within any mechanical system there are numerous resonant frequencies which might be
excited. A good design philosophy with seismic systems is to keep these resonant
frequencies well beyond (2 o 3 times) the maximum operating frequency. There is less
chance that they will become excited and frequently, the system gain is low enough at these
higher frequencies that they will not be picked up and be amplified. (These resonant
frequencies usually occur in modes where the system could not control them even if it had
the power to do 50.) In practice there are always some components of these resonant
frequencies at the upper operating frequencies of the system. Figure 7. shows a signal
with higher frequency component due 10 a mechanical resonance.

The main table modes which can cause problems are the 'warp’ and 'oil canning’ modes.
Careful design is required to keep these modes as high as possible. The specimen
configuration and mounting can aggravate these modes especially the cil can. A change in
the mounting method can extend the frequency testing range.

Local structural panel frequencies from within the table are another source of potential
disturbance. The panel frequency resonant frequencies are quite high (relative to the
operating range) and are more of an acoustic nuisance. Occasionally they can interact with
the servovalves and add significant high frequency components te the feedback signal.

4.3 Foundation interface

A significant source of distortion can arise from the foundation and the actuator attachment
to the foundation. Attention to the foundation design is required to avoid vibration modes
of the foundation which will affect system operation.

At higher frequencies, the compliance at the actuator attachment can prevent the actuator
from inputting full force capabilities into the table. This will creat» a force limit at higher
frequencies limiting the response of the actuators.

With floating (isolated) foundations an appreciable relative foundation movement is
possible typically peaking at about | Hz. To measure true displacement relative to the
‘fixed ground' additional transducers must be mounted between the fixed and floating
foundations are required. In practice with the use of large foundation/specimen mass ratios
and adequate suspension system damping, the small increase in accuracy does not justify
the cost and complexity.

4.4 Backlash

Backlash is similar to friction in that in itself it does not cause serious distortion problems.
It does however provide a mechanism by which a force or energy impulse can set off other
resonant frequencies in the system. The two main sources of backlash are bolied
connections within the load main and the actuator swivels. Proper design and maintenance
of these mechanical components are required for system fidelity.
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5 Miscellanaous
3.1 Elecrrical noise

Noise within circuit boards has been greatly reduced in recent years with improved
components. The long transducer cables used on seismic systems do offer an opportuniry
for noise pickup in the feedback loop. Through careful grounding design this can be
antenuated to low levels.

Line noise¢ in the operating environment and from within the consoles can be a major
problem. Line noise typically is in the operating range of most seismic systems making it
difficult to remove or filter.

Careful attention must be paid to grounds used both for the console and pumping system.
A separate instrument ground is a necessity.

5.2 Cross coupling

Cross coupling occurs whenever actuators in one axis must react loads due to motions in
another axis. The most obvious is the Over Tuming Moment (TOM) loads imposed on the
vertical actuators due to horizontal motion. The moment arises since the horizontal
actuators do not act through the center of mass of the table/specimen.

The transducers on the table must sense these unwanted motions in order for the actuators
to respond. The relative program signals in these axes may be quite low so that any
components from another axis can appear to be quite significant.

Control methods using feed forward compensation can help to attenuate this cross talk from
cther axes. Computer compensation using iterative methods can help greatly assuming the
dynamic properties of the specimen table do not change too much during a test.

This 1s one of the more difficult areas of distortion control and new control teckniques are
being explored.

5.3 Siatic weight

If no means are provided for an external static suppont, thien the vertical actuators will be
required to provide this component. Depending on the capabilities of the system this can be a
significant percentage of vertical actuator capability. This static force provides a greater
pressure gain in one direction and there will be an asymmetry which will show up as distortion.

This distortion source will occur when there are high demands on pressure (i.e. large
velocity, maximum force or high 'requency operating conditions). With the proper use of
static supports, this type of distortion is largely eliminated.

54 Specimen compliance
One of the more difficult types of distortions to control is that due to specimen compliance.
This compliance can come from the method used to mount the specimen to the table or from

within the specimen itself. The specimen's dynamic properties may be; non-linear, they
may change with load history, and have complex damping properties.
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These characteristics cause a number of issues. For example, a lot of the tuning of the
system is based on the assumption of a fixed coupled mass, since this determines what the
oil column frequencies will be. With a complex specimen these frequencies may be load
and time dependent making optimum tuning difficult.

A resonant specimen with low damping can easily overload the capacity of a system. Asa
simple example, a cantilever beam with no internal damping when excited in bending at its
natural frequency requires an infinite moment to restrain it and yet the actual acceleration at
the base is minimal.

6 Typical Performance Envelope

Figure 8 shows a typical performance plot of a medium to large seismic system. The
predominant sources of distortion are listed along with the approximate regions where they
occur. It is very difficult to assign specific values to the various sources. An effort has
been made to rank the severity of the various sources.

The most significant are; fricion sources which mainly affect low acceleration
performance, oil column resonant frequencies which tend to cause problems in the mid-
range, servovalve limits which result in distortion problems at the intersection of the
velocity and force limits, and mechanical resonant frequencies which occurs at the higher
end of the frequency range of the system.

7 Conclusion
Sources of wave form infidelity while performing experimental tests with servo-hydraulic
systems have been identified and some methods of reducing distortion errors have been

presented. This paper serves as a benchmark for future study and research in minimizing
experimental errors with servo-hydraulic systems.
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SPECIAL LOADING SYSTEMS FOR EXPERIMENTAL RESEARCH

Stephen A. Mahin

Department of Civil Engineering
Earthquake Engineering Research Center
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INTRODUCTION

The ease with which experimental research may be performed has improved
markedly in recent years with the increased availability of electro-hydraulic actuator
systems to impose forces and displacements, the greater reliability and accuracy of
instrumentation, and the development of high speed, low cost data acquisitions systems.
In most instances, experiments used to assess the quasi-static inelastic cyclic behavior of
structures and structural components remain relatively simple. However, complications
can arise due to the magnitude of the required loads and the need to test three dimensional
test specimens. In other cases, quasi-static loading is not sufficient and loading histories
more representative of the response of the specimen to actual earthquake ground motions
are required.

In this paper, several recent examples of special testing arrangements used at
Berkeley will be described. The first of these relate to simple tests of large single degree-
of-systems requiring the cyclic application of large lateral loads. Other tests requiring
refined three dimensional control of the forces and displacements applied to a multiple
degree of freedom specimen is then discussed. Extension of such on-line computer
control techniques to the realistic simulation of dynamic aspects of seismic structural
response are then briefly described.

CYCLIC PLANAR LOADING OF LARGE STRUCTURAL SYSTEMS

In most cases, planar tests of structural components and systems can be carried
out in a simple manner. The specimen and actuator ¢an be attached to a suitable reaction
floor or frame, and the actuator can be used to impose the appropriate load or
displacement history. However, in some cases the load required becomes so large that
the size of the required reaction frame and actuators become excessive. While it is
possible to build larger reaction and loading facilities, structural test demands can become
correspondingly larger as well.

A special case requiring the test of a large and strong structure arose following the
1989 Loma Prieta earthquake. It was desirable to test a portion of the I-880 Cypress
viaduct that partially collapsed in Oakland. This two level reinforced concrete structure
utilized multi-celled box girders to support the upper and lower level roadways, and a 1wo
level, single span beam-column framework to support the box girders and to provide
lateral resistance in the transverse direction. Tests were desired to ass:ss the precise
causes of the observed collapse of the upper level of the structure and to determine the
efficacy of various retrofit schemes suggested for other double deck viaducts damaged in
the San Francisco bay area.

Some of the methods considered for loading the viaduct are schematically
illustrated in Fig. 1. These included the attachment of post-tensioning tendons to the deck
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levels and using post-tensioning jacks to apply the lateral loads. Because cyclic loading
was desired, tendons would have to be installed on both sides of the viaduct. Problems
associated with this scheme related to the need for piles or other types of foundation to
transmit the tendon force to the ground, and the need to anchor the lendons relatively far
from the structure in order to minimize the vertical component of the tendon force on the
structure. The congested urban setting of this structure precluded this simple approach.

Another approach considered the construction of a reaction frame as shown in the
center portion of Fig. 1. This would allow the use of double acting electro-hydraulic
actuators. However, the tests were estimated to require upwards of 4 million pounds of
lateral force. The design of the foundations for the reaction frame in this case became
very difficult. In particular, uplift forces were very large because of the desire (o
minimize the width of the frame. Because of the poor soil at the site, the reaction frame
scheme was considered prohibitively expensive.

The strategy actually used in the tests is shown on the right hand side of Fig. 1.
Because the failure occurred in the upper level, it was not viewed as essential to apply
additional loads to the lower level. Similarly, it was not necessary 10 assess the
contribution of the soil-foundation system to the [ateral response. As a result it was
possible to devise a sclf-equilibrating steel reaction frame within the structure. Large
steel collars were attached around the base of the lower columns. Diagonal steel braces
extended upwards from these collars {through holes punched in the lower deck) and
joined just below the upper deck at a reaction block. Pairs of single acting (compression)
oil jacks were installed on both sides of the reaction block. These transmitted force to
loading blocks that were post-tensioned to the upper deck of the viaduct. Braces and oil
jacks were installed on cach side of a frame to preserve symmetry of loading of a frame.
Three transverse frames were included in the test specimen, resulting in six diagonal
braced hents and a otal of twelve hydraulic jacks.

Actuators
Tendons

Piles m—mep»

Fig. 1 Altemative Methods Considered for Field Testing of Viaduct

Simple cil jacks were utilized instead of double acting actuators in this case
because of the time (and expense) required to special order the large number of relatively
high capacity actuators required o develop the loads anticipated in this test. The oil jacks
were easily available from local prestressing supply companies.

The oil jack arrangement could produce the cyclic loading required. For
specimen motion to the left, the left jack would be extended (with the right jack
retracted). For motion to the right, the jack on the right was extended. Relatively simple.
manually operated hydraulic equipment was effectively employed to carry out the tests.
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In another similar situation, a retrofit strategy for a building was ¢o be evaluated.
The existing structure contained a composite concrete/structural steel shear wall. A
structural steel frame was provided to help carry gravity loads and seismic overnurning
forces, and the concrete infill and encasement was utilized 10 resist shear. Retrofit of the
structure included thickening the concrele walls, filling in openings in the existing walls,
adding shear transfer studs to the existing steel framing to enhance shear transfer between
the steel frame and new concrete, and the addition of partial transverse confinement.
Because of the complex stress transfer mechanism between the steel frame and the
concrete and between the new and old concrete, it was desired to employ as large a scale
as possible. Similarly, it was desirable to include as many bays and stories in the model
as possible to minimize boundary condition effects where the specimen were atlached to
actuators and the reaction floor. It was, of course, not possible to test a model of the
entire 15 story building. Thus, a portic~ of the structure was selected incorporating as
many of the salient features as possible.

Sewveral alternatives for specimen configuration and loading were considered.
Ideally, a model would be constructed and attached with double acting actuators to an
existing strong floor and reaction wall. This approach is shown in the left hand
illustration of Fig. 2. The minimum one-third scale considered acceptable for these tests
resulted in a large lateral load resistance. This load (in excess of 3,000 kips) could be
developed by available lahoratory actuators; however, the overturning moment
developed resulted in excessively complex and expensive details for attaching the
specimen to the reaction floor.

Reaction Frame Specimen Loading
Acluators

Load
Transfer
Girders

N2

Fig. 2 Alternative Loading Arrangements Considered for Composite Wall Tests

Another option considered was to utilize a large capacity (4,000 kips) universal
testing machine to load the specimen. In this case, the problem of resisting wall
overturning moments could be resolved by doubling the size (height) of the specimen. In
this case the wall would be tested as a simply supported beam, with its midspan
representing the base of the wall in the prototype. While this option solved most of the
problems encountered with the previous approach, it resulted in a specimen with twice
the size without any apparent gain in useful information. In addition, for cyclic loading,
it would be necessary to remove the specimen from the testing machine and invert it
Because instrumentation wo.ld have to be repetitively removed and re-installed each
time the wall was flipped, the time required for testing made this option impracticable..

The option eventually employed for this test was adapted from the testing used
for the Cypress viaduct (Fig. 1). A self-equilibrating frame was attached directly 1o the
test specimen. The specimen selected was three bays wide and two stories tall, and
constructed at one-third scale. Large composite steel and reinforced concrete load
transfer girders were attached monolithically 10 the top and bottom of the test panels.
Pairs of steel diagonal braces were attached to the lower transfer girder on cach face of
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the test specimen. Pairs of single acting oil jacks were attached to the reaction block at
the top of the braces . These jacks transferred load to the specimen by means of a
reaction block attached 1o the upper distribution beam. Operation of this test under cyclic
loading was similar to that described previously for the Cypress viaduct.

CYCLIC LOAD TEST IN MULTIPLE DEGREE OF FREEDOM SPECIMENS

In multiple degree of freedom systems, additional complexity is introduced
because of the need to determine the distribution of forces or displacements applied at
each actuvator. As a means of simplifying this problem, it is common to make the
imposed loads or displacements a function of parameters measured at other locations
during the test; thus, an invariant relative distnbution of displacements or forces is often
applied.. In the case of inelastic response, it is usually preferable to control the force
distribution, as localized damage to the structure could substantially alter the structure's
deformed shape {e.g., the formation of weak stories}. This test procedure can be
implemented easily with conventional electro-hydraulic actuators by identifying one
actuator as the master and setting the command signal for the other (slave) actuators to be
a fraction of the force measured in the master actuator. Because of the possible instability
of a structure tested into the inelastic range using force control only, most tests of this
type would specify the displacement at the master actuator. The force in the master
actuator would still be used to control the forces in the remaining actuators even though
the master actuator is under displacement contral. This arrangen.ent is shown
schematically in Fig. 3.

Command Displacement
Measured
~  Force
s
B R . - .f g Fracuon of
,,) Measured
TN & ’ ]:‘ace
Electro- 7 »
Hydraulic aln—————
Actuators Specimen Dnsplacement

Fig. 3 Typical Planar Test of Multi-degree of Freedom System

When specimens are loaded in two or three dimensions, other complications arise.
For example, consider the simple floor diaphragm in Fig. 4. Three actuators are attached
to control the in-plane transverse, longitudinal and rotational motion of the diaphragm. If
only longitudinal motion is required, elongation of only the longitudinal actuator will not
produce the desired result. This is because of the arching action of the typically short
length actuators. The in-plane rotation of the transverse actuators due to longitudinal
actuator motion causes transverse motion of the specimen as shown in Fig. 4, along with
transverse forces in the specimen. In addition, the displacement and forces measured in
the longitudinal actuator will differ from those developed in the specimen in the
undistorted longitudinal direction. These undesirable effects must be corrected for by
lengthening of the transverse actuators.
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Fig. 4 Interaction of Actuator Displacements in Three Dimensional Tests

Under displacement control, the command displacement of an actuator in the
above test setup should thus depend on the command displacement of the other actuators.
The geometric corrections will depend on the test setup, and are usually straight foreword
to derive. However, they have in general a nonlinear form which is difficult to
implement by simple analog manipulation of the control signals.

This nonlinearity does not introduce any special complication when the specimen
will be subjected to predetermined displacement histories. Appropriate geometric
manipulation of the displacement command signals can be made by digital computer
(e.g., using a simple spreadsheet program) prior to the test.

Force readings in actuator load cells, must be processed similarly following a test
to correct for the rotation of the actuators relative to the initial coordinate system of the
specimen (see Fig. 5). The measured {or commanded) displacements are used (along
with information on the actuator and structural configuration) 1o compute the forces along
the structure's principal axes. At large displacements (and/or short actuator lengths) an
actuator can induce significant forces along both of the principal axes of the specimen (Px
and Py in the figure) and correction of the measured load cell force becomes essential.

A

Fig. 5 Differences Between Forces Measured by Load Cell and
Those Applied Along Specimen’s Principal Axes

An example of such a test is that shown in Fig. 6. The prototype bridge structure
supports an elevated roadway and an extended beam is required to contribute 1o the
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transverse load resisting sysiem through bending, shear and axial load. In the
longitudinal direction of the roadway, the beam is also required to develop torsion when
contributing to the lateral load resisting system. Testing of this outrigger was carried out
considering horizontal motions of the deck in the transverse and longitudinal directions.
The simplified test specimen used is shown in Fig. 6. A “cloverleaf” displacement
pattern was specified at the tip of the column in the test specimen which results in
simultaneous displacements in both principal directions. The ideal displacements were
modified prior 10 the test to obtain command displacements corrected for geometric
effects. A computer based function generator is used to send the corrected command
signals {as voltages) ta conventional analog servo-controllers.

An interesting feature of this test is that, in the transverse direction, the axial load
in the column depends on initial gravity loads but varies due to overturning moment
effects as a function of the transverse load applied. Simple considerations of statics were
used to determine the appropriate axial load as a fixed fraction of the applied transverse
lateral load (plus the initial gravity loading). This was implemented in the tests using
simple analog summing amplifiers and analog circuitry.

Prototype Structure Test Specimen
Ax

Fig. 6 Bi-directional testing of an Outrigger Bent Cap

This situation becomes more complex, if mixed force and displacement modes of
actuator control are used. While the displacements in master actuators can still be pre-
computed based on the desired specimen displacements at these locations, the corrections
for the forces must be performed on-line during the test so that they can be used to
specify the forces to be imposed at other levels. The transformation functions relating
forces measuread in the load cell and along the specimen's principal axes can be derived
prior to the test, but they will change throughout the test as the displacements vary. More
significantly, the displacements at the degrees of freedom under force control will not be
known prior to the test, so measured displacemenis must be used during the test to
determine the appropriate transformations between the desired force in a particular
direction and the force measured in the load cell.

For reasonably small displacements and simple test configurations, it may be
possible to utilize analog techniques to modify the loads to be applied to acteators in
three dimensional tests. In other cases, the required transformations may be come
sufficiently complex, and the displacements sufficiently large that digital procedures arc
necessary (or preferred). Relatively simple and low cost micro-computer based, control
processors are available for single and multiple axis control. This may be implemented in
such a manner that the digital controller makes the various transformations and carrics
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out the appropriate electronic control functions for the servo-control system. It can also
be implemented in a more conventional analog control situation. In this case, the micro-
processor repeatedly reads the displacements and forces at the actuators, makes the
appropnate transformations and sends the command displacements or forces (o
conventional analog controllers.

PROOF TEST OF A DOUBLE LEVEL VIADUCT

An example of a test in which such digital control is used is shown if Fig. 7. In
this case the lateral load resistance of a double deck viaduct was to be investigated.
Earthquake-like motion in each principal plan direction was imposed quasi-statically
using hydraulic actuators attached to rigid reaction frames post-tensioned to the
laboratory strong floor. The columns in the prototype structure were assumed in design
to be pinned at the base of the lower column and at the tip of the upper column.
Considerations of asymmetry under lateral loading were used (o isolate the test specimen
from the remainder of the structure along the midspan of the deck in each direction.
Roller supports were desired at these locations; they were implemented using vertical pin
ended steel struts because of the significant uplift forces that could be developed.

Atotal of 10 hydraulic actuators were employed in the test. Lateral loads were
applied to the top of the upper column and to the lower deck. Gravity loads were
simulated in this one-third scale model using a combination of concrete and lead weights
as well as vertically oriented hydraulic actuators. Because the finite length of the vertical
support struts resulted in small vertical motions of the support peints under lateral
displacements, a specially designed vertical actuator was provided under the column to
maintain the axial load in the column at a proper level. This actuator also compensated
for inelastic elongation of the plastic hinge region in the lower column, and overtuniing
moment effects due 1o transverse ioading. A post-iensioning rod also extended up
through the center of the column and was loaded with a hydraulic actuator at its top in
order to maintain the column axial load at the proper level.

Because of the desire to simulate realistically the distribution of moment and
shear in the transverse bent cap, 1wo vertical actuators were used to load the bent cap at
the interior webs of the box girder used for the bridge deck. In addition, to replicate the
positive moment at the midspan of the bent cap due to dead load, a stee! outrigger was
cantilevered from the edge of the specimen and a constant vertical upward force was
applied during the test.

Al the lower deck level two actuators were used to impose specified
displacements in the transverse direction and to limit torsion. A single displacement
controlled actuator was used in the longitudinal direction at the deck level.

Two actuators were connected in a horizontal plane to the top of the column. The
forces in these actuators were controlled rather than displacement as done at the lower
ievel. If displacements were controlled at both levels, changes in deflected shape (that
might occur as a result of concentrated yielding in one of the columns) could not be
detected. In this case, the force in the upper level actuators was based on an assumed
triangular mode shape, the ideal mass distribution at the two levels, and the ¢column
heights. For the test specimen, the force at the top level was 1.25 times the force applied
at the lower level in the same direction. This actual force in the actuators were computed
on-line during the test.
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Because the actuators at the upper level were rotated with respect to the principal
axes of the structure, a geometric correction was also applied. Since the top of the
column displaces during the test, the geometric correction depended on the displaced
configuration of the specimen at each siep in the test. Furthermore, the forces measured
in the load cells of the actuators antached to the lower deck were riot oriented in the
principal direction of the deck once the structure was subjected to large bi-directional
motions. Thus, these forces were also corrected prior to being used to determine the
lateral forces to be imposed alt the top of the columns. The horizontal components of the
forces imposed by the initially vertical actuators were also computed and used in the
derivation of the forces to be applied at the upper level.

A dedicated high specd PC-based microprocessor was used to make these
cootrdinate transformations and to control the specimen during the test. The
microprocessor required continual input of the measured deck level actuator loads, the
measured column top and deck level displacements. The control process was repeated
approximately 7000 times per second. The microprocessor providsd the actuator control
apparatus with analog cutput signals for controlling the force at the top of the column.

A wide variety of loading histories were considered for the test. These included
simple diagonal load paths, cloverleaf patterns and other sequences that would help
identify the mechanical characteristics of the structure. The loading history selected is
shown in Fig. 8.

Each step of loading was divided into three phases. In the first phase, the
structure was subjected to a simple displacement cycle in the transverse direction
(longitudinal displacement at the lower deck is restrained during this excursion) followed
by a simple cyclic excursion in the longitudinal direction. The second phase involved
two cycles of bi-directional loading in a square pattern; one ciockwise and one counter
clockwise. The maximum amplitude of the bi-directional excursion was the same as that
for the uni-directional excursions; i.e., the projected displacement in the transverse
direction was reduced to about 70% of that imposed during the unidirectional excursions.
The third phase repeated the first phase so that deterioration of mechanical properties
may be easily detected.

1.0 & A 0.7 )5 A

s 4;.__2.J—7 b rl/-_T

n l rq —l > «
[y [
v v v v
Pattern A1,CI Pauern A2, C2 Patiern Bl Patern B2

Fig. &8 Displacement History for Proof Test Specimen

The displacement history shown relates only to the lower level, The forces
applied to the top of the column corr=sponded to those associated with the triangular
mode shape and the forces required &i the lower level o develop the specified
displacements. Because of the complexity of bi-dircctional response, the upper column
moved bi-directionally even under uni-directional displacements at the lower level.
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PSEUDO-DYNAMIC TESTING

These on-ling computer control tests can be extended to include hybrid analysis.
The most common form of this form of testing in earthquake engineering 1S the so-called
pseudo-dynamic test. In most current applications, the actuators are under displacement
comtrol. The control computer, in addition to making the various required geometric and
other corrections, uses data obtained regarding the restoring force characteristics of the
specimen at a particular instant in time to solve the govemning equations of motion for a
numerically specified ground motion. In this manner the dynamic response of the
specimen can be simulated quasi-statically using conventional electro-hydraulic loading
systems. Dynamic effects are simulated by the governing differential equations of
motion in the computer, and the nonlinear restoring forces are determined ‘continuously’
from the specimen during the test.

Detailed discussion of these procedures, and their advantages and limitations, are
beyond the scope of this paper. More complete description of these procedures may be
found citations listed in Refs. 1 and 2.

CONCLUDING REMARKS

A wide variety of loading procedures are avatlable for assessing the cyclic
inelastic behavior of structures. Usual concerns relate to instrumentation, data acquisition
and load/stroke capacity. In some tests special loading systems are required to develop
and react the large forces required. In other cases, accurale measurement and control of
structural response requires a variety of geometric and other corrections. Modern
microprocessors make the execation of such tests simple, and allow for even more
complex hybrid experimental analysis procedures, such as the pscudo-dynamic test
method.
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AN EQUIVALENT SDOF METHOD OF INTERFACE
MOMENT SIMULATION IN SUBSTRUCTURE PSD TEST

By Guo Mingehao', Tang Daixin® and Wu Zhensheng®

ABSTRACT
In this paper, 3 equivaleat SDOF method of
interface moment simulation is substructurs PSD
test i doveloped and verified by sumerical tert,
and the summary and copment of other existing
methods are also given.

INTRODUCT [ON

The paeudo dynamie (PSD) test using substructure teckniques
is called substructure PSD test herein. In detail, the whole
strueture is divided into two parts, one the part in which PSD
test is performed and the other the part in which only numerical
operation is performed, as shown in Fig.1. Generally, the test
part is the weak part which will yield in advance tunder nevere
earthquake and its charactericiice of restoring force is very
complicated, while the rest belongs to the numerical operation
part. This method not only can soive the basic problem of
standared PSD teat, but also be cheeper, especially for large
seale and/or more complicated structure systems. Just like
substretorue caleulation, however, at the interface between
ssbstructure and main structure, that is, Dbetween numerieal
operation part and PBD test part, the moment equilibrieum and
rotation compatibility must be satiefied, which is briefly called
interface moment simulation in this paper. The interface moment
simulation is clearly necessary for the structure coupling of

1. Lect. Dapt. of Btructure Baginesring, Harbin Architsetaral and Civi! Bogineeriag

Institute, Chima.
2. Prof. the same institute as that of Ne. 1.
3. Asso. Prof the sama institate as that of No 1.
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totatary and transiational interface degrees of freedom, it's also
necessaty for the structure of refatively simple shear type models,
because the added axial forces catsed by the overturning moment
transferred from the upper part affect the charscterisiics of
restcring forces of columns and walls dirctly., The interface
moment simulation is ensy for substructure calculation but very
difficult for substructure PSD test, and becomes a key problem to
be solved in this field.

The ideal of subsiructure PSD test has been existing since the
standared PSD method was developed in 1970's, But there have Dbeen
few examples of model test becanse of the difficulties of the
interface moment simulation. There ate some methods to simulate
the interface moment, but they are too difficult to reslize. In
this paper, an equivalent SDOF method is developed and verified by
numerical teast.

SUMMARY AND COMMENT OF THE EXISTING METHODS

In all the existing methods,more than one metuators will be
needed to simulate the intetface moment as ashown in PFig, 2. The
formtale in the figures can show the princeple of the methods. in
which G is gravity, F1, F2 are forces applied by actuators, M is
overturning moment transferred from the upper part, V is lateral
restoring force of the test part, and N is added axial force
caused by M.

Method (a) is the moat straightforward one and aleo the most
difficult one to be realized in a real test. At present time there
are some suceenful exampls of PSD test of struectural models with
one ot two-degree-of-freedom,  but thtee-degree-of-freedom ln
method (a). In addition, the vertical or axial stiffness is very
great. If tuc load is applied by contralling displacement, the
integration time interval will be too small. If the load is
applied by controlling force, the facilities and instruments could
be damaged by large displacement due to structure deterioration,
Nethod (b) is of two-degree-of-{reedom and the axial load
applied directely by actuators is avoided. However, the more
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realistic loading method of actuator 1 iw still one contraled by
foree, and the vertical load G have to be applied by specicl
jucks or gravity load, Method (¢) used in a column is of two-
degree-of-freedom too. Actuator 1  applles load whieh can be
either tension or compression, no the characterastic of restoring
force of the whole structure can not be reflected correctly by the
characterastie of a single column.

EQUIVALENT SDOF METHOD

Danally the aeismic response of a strueture is pgoverned by
firat mode, so that many preblems in earthquake engineering kave
been solved simply depending on the first mode, for example, in the
bottom-shear-force-method to determine horizontal esrthquake
action, in the eguivalent SDOF PSD method for MDOF systems, ete. If
the distribution of magnitude of horizontal earthquake force along
the height of analysed structure is given, the magnitude and
peaition of resultant ean be determined, and the lateral foree ean
be applied at the resultant pozition ,which ean not only solve the
problem mentioned above, but also simplify the problem greatly. In
faet the magnitude of horizontal earthquake action at each floor
changes stocksatically, so that the magnitude and position of
resultant is uncertain But if the wtructure being unalysed s
looked upon a«s one that its vibration of seismic response i
governed by firat mode, the problem can be solved approximatelly
The corresponding method iv called eguivalent SDOF method in this
paper, The following is n detailed fntrodaction.

First, to determine the resultant oposition of horizontal
earthquake action. As & discussion of basic method, only the
elestic state of a structure Is concerned. The height H from the
interface to the resultant position is
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where,m, ie the mass of ith floor ,w, the first frequeney of the
structure, Xy, the firat mode vectar, and H , the height from
interface to ith floor.

Formula (1) is valid for free vibration of the first mode.
For forced vibration, if the attucture vibratsior 1ia governed by
firat mode, formula(]) will be an approximate expresaion. If the
period of external force is equal or mearly eqmal to the first
period of the struture, there will be a better approximation. For
seismic response, If the predominant period of earthquake wave is
equal or nearly equal to the firsst period of the structure, there
will be & good spproximation.

Second, to add part A with height of H on the test part. There
are three posmible methods to build tkis part.The first oae iz to
build model nccording to the same part of prototype. Tke second one
is to dbuild a loading frame ,whick is much cheeper. The third one
is to combine the two methods mentioned above, that is, partly
mode] and partly frame,

Third, to apply lateral foree at the resultant position. The
Iateral force is applied by controlling the lateral displacement
x(t) that is at the level of the interface. The resistant force
F(t) will be the restoring foree of the test part, and the
overtutning moment at the iaterface M(t) is

M(t) =F(t) xH 2

NUMERICAL TEST

The feasibility of the equivalent SDOF method has been
verified by numerical teat of a two-stary shear type steel frame
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The caleulation skeleton of the frame is shows in Fig. 4, and the
natural parameters of the frame are shown ia Tab.|.

The centrel difference method {CDM) is tsed, snd  the
caleulation atarts as follws;

x(-&)sx(0)- &x(0)+1/2 A*3(0) (3)
in whieh x(0) can be chtained from the bavic dynamic formula:
2(0) =m™ (f (0) -cx (0) -kx (D) (4)

where v, %, %, f are veetors of displacement, velocity,
acceleration and horiszontal disturbing foree respectively, A s
time interval of integration, M, K, C are matrizes of mass,

etiffoess and damping respectively. Giving initial values of x(0)
and x(- &), the calculation of CDM can be stared,

For time-history canleulation of the two-degree-of-freedom

system, the formula of overturning moment at the level of
inflexion points of the columus of the first story is
M(t) =m, (x, (t) +x () X 0. 266+
my (g (t) +XT (t)) X 0. 975 (8)

where, X (t) in seismic ground aceeleratior, and the footnotes |
and 2 are the signs of first floor and second floor respectively.

For numerieal ealeulation of the equivalent SDOF of
substructare PSD method, suppomsing that the first story is the
test part and the secord story is the numierical operation part,

the formula of overturning moment at the level of inflexion points
of the first story is

M{t)sP(t) X0.720 (6)

It should be explained that in this example the formula is
valid only st the level of inflexion points, not at the

level of
the interface between first story and second story,

because the
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purpose of the exampile is to verify the feasibility of the
equvilant SDOF, If the formula is given at other level of
inflexion points the results of the simulation should be the same,

The input earthquake wave ia EL Centro. Calif. 1940.5.18 NS,
and the predominant period of the wave is 0.245 seccnd. The
teatlts of the numerieal teat are shown in Fig. 5. It ean be seen
clearly that if the predominant period of the wave is equal to the
first period of the strueture, the equivalent SDOF method can give
s good approximate simulatien,

CONCLUSIONS

The method developed in this paper named equivalent SDOF
method is o simple and effective one. The results of the numerical
teat show that if the predominant period of input seismic wave is
equal or nearly equal to the first period of the structure, the
method can give & good approximate momeat simulation.
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CYCLIC LOADING HISTORIES FOR SEISMIC
EXPERIMENTATION ON COMPONENTS OF STRUCTURES

Helmut Krawinkler
Department of Civil Engineering
Suanford University
Swanford, CA 94305

INTRODUCTION

Much experimental work on structural components and subassemblies has been done in
recent years in laboratories of universities, government, and industry, directed towards
achieving a better understanding of the response of structures to seismuc excitations. Most
commonly, these experiments are performed with quasi-static cyclic load application. In
these experiments the selection of loading histories and presentation of test results have
always been central issues, since no general guidelines exist and decisions are made usually
in a subjective manner. This has raised many questions in interpretation of experimental
results and has made a consistent assessment of seismic performance of components of
steel structures a difficult task.

This paper suggests guidelines for the selection of loading histories that can be employed in
most quasi-static experiments whose purpose it is to assess the seismic performance of
components and subassemblies as parts of structures that may be subjected to earthquake
ground motions of different severities. This implies that strength and stitfness
characteristics and their history dependent variation (e.g.. cyclic hardening, softening,

deterioration, etc.) are of primary interest. In particular, the following questions are
addressed:

»  How many cycles, what deformation amplitudes, and what sequence of cycles
should be employed to evaluate seismic performance?

*  How can the results of one experiment under a predetermined loading history be
generalized so that conclusions can be drawn on the response of the same
component under different loading histories?

Central to the issue of loading history and performance evaluation is the recognition that
damage in a component is cumulative and the level of damage depends not only on the
maximum deformation but also on the history of deformations (or loads) the component
undergoces before and after the occurrence of the maximum deformation. Thus, cumulative
damage concepts have to be utilized to assess performance, and loading histories in
experiments must account for the history dependence of seismic performance.

CUMULATIVE DAMAGE ISSUES

The purposc of experiments is to evaluate scismic performance of components as parts of
structures. Adequate performance implies that a component fulfills a set of specified
performance requirements. These requirements may be based on strength and stiffness
characteristics, deformation capacity, encrgy dissipation characteristics, or any combination
thereof. For a component this implies that its role within a structure needs to be identified
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and its capacities (stength, deformation, and energy dissipation capacitics) as well as the
demands imposed by earrthquakes need to be quantified. The emphasis here is on
performance in severe earthquakes in which deterioration and safety against failure become
overriding considerations, and adequate performance imnplies that the capacities exceed the
imposed dernands with an adequate margin of safety.

An experiment can pravide only information on capacities, but due consideration can be
given to demand issues by utilizing loading (deformation) histories that account for gencral
demand characteristics. In seismic problems capacity and demand cannot be separated
since one may strongly depend on the other. Therefore, single capacity parameters, such
as maximum deformation or maximum ductility ratio, will provide inadequate descriptions
of capacity unless all other important demand and capacity parameters are considered in the
loading history applied to the test specimens and in the test evaluation.

Because of the randomness of the seismic demands and the dependence of the capacities on
the demands, a single test or even a series of tests may not provide all the information
needed for seismic performance assessment. Thus, the choice of testing programs and
loading histories should be guided by the objective 10 maximize information and minimize
complexities that will complicate test evaluation. The following summary on important
issues of capacity and demund is intended to provide the background which forms the basis
for sclecting the testing programs and loading histories suggested in this paper.,

Seismic Capacities

Basic seismic capacity parameters for a component are strength, stiffness, inelastic
deformation capacity, and cumulative capacity paramcters such as energy dissipation
capacity. All these paramerers are expecied to deteriorate as the number of damaging cycles;
and the amplitude of cycling increases. The type of deterioration depends on the failure
mode of the component. Figure 1 illustrates typical examples of deterioration for two
distinctly different failure modes; glow deterioration (of strength and/or stiffness), typical

of local buckling modes in steel structures, Fig. 1(a); and rapid deterioration of strength,
typical of fracture modes of failure, Fig. 1(b).

\d

40 7T

1200 ¢

e

Y ) 208 (] ] 2 L]

TV DEFLECTION (in.}

(a) Slow Deterioration (b) Rapid Deterioraton
Fig. 1. Different Modes of Deterioration and Failure
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Each mode of deterioration and failure has its own characteristics that may affect the choice
of testing program and loading history. For instance, a failure mode exhibiting the rapid
strength deterioration itlustrated in Fig. 1(b) is usually caused by local imperfections that
lead to material fracture., The characteristics of these imperfections may have considerable
scatter and, therefore, the level at which deterioration occurs is uncertain. Thus, little
confidence can be placed in the results from a single test, particularly since a clear margin
of safety must be established for a failure mode with rapid strength deterioration.

Generic loading histories, which are to be applied to different specimens with different
failure modes. represent a compromise that is based on important performance
characteristics that are common to all specimens tested. The testing programs and loading
histories recommended later are based on a general cumulative damage concept of the
following characteristics:

1. Every excursion in the inelastic range causes damage in a component. Damage
implies that macro- or micro-structural changes occur, which causes visible or
invisible deterioration of strength and stiffness properties and hrings the
component closer to failure.

2. The component has a memory, i.e., the damage from inelastic excursions is
cumulative.

3. Large excursions cause much larger damage than small excursions.

4. The relative amount of damage caused by an excursion depends on the plastic
deformation range of the excursion, 48, the mean deformation of the excursion
(a measure of symmetry with respect to the undeformed configuration), and the

sequence in which large and small excursions are applied 1o the component
(sequence effects).

5. For a given deformation amplitude the damage is largest for a symmetric
excursion since this results in the largest possible plastic deformation range.

6. The importance of sequence effects has not yet been established through
research, and the sequence of large versus small excursions in a component of a
structure subjected to a severe earthquake does not follow any consistent

pattern. Thus, sequence effects cannot be considered in the recommended
loading histories,

7. As a consequence, the number of inelastic excursions, N, and their plastic
deformation ranges (or, for symmetric excursions, their deformation
amplitudes), as well as the sum of the plastic deformation ranges, become the
primary capacity parameters for loading histories.

Krawinkler et al. (1983) present an extensive discussion of the issues raised here and many

others of interest in seismic testing and performance evaluation of structural steel
components.

Seismic Demands

The demands imposed by a severe earthquake on a structural component depend on the
configuration of the component within a structure, the strength and elastc as well a:
inelastic dynamic characteristics of the structure, and the seismic input to which the
structure may be subjected. For generic components none of these variables is well defined
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or narrowly bracketed. For frame structures the best mediator between component demand
and seismic input appears to be the interstory drift in structures, since this parameter can
usually be related 10 the component deformation, and the demand on this parameter can be
assessed from simplificd dynamic models. Although there is no definite relationship
between interstory drift in multistory structures and the deformation demand in single
degree of freedom (SDOF) systems, the latter is often used to estimate the former.

In the context of developing loading histories with due consideration to seismic demand,
general conclusions can be drawn from studies on SDOF systems. This discussion is
based on a statistical study reported by Nassar and Krawinkler (1991) on bilinear and
stiffness degrading SDOF systems subjected to a set of 15 Western U.S. earthquake
ground monons. The shape of the average clastic response spectrum of these records
closely resembles the shape of the ATC 3-06 ground mofton spectrum for A, = A, (Applied
Technology Council (1978)). This study provides, amongst others, statistical information
on demand parameters for inelastic systems with ducdlites of 2 to 8. This information,
which in part is summarized next, forms the basis for the recommendations on loading
histories given later. In the interpretation of the quantitative information presented here it
must be considered that the 15 records used in this study (a) are from earthquakes whose
magnitude varics from 5.7 to 7.7, (b) have strong motion durations that vary significantly,
and (c) represent ground motons at stff soil sites (soil type S;).

Number of Inelastic Excursions, N. This parameter increases with a decrease in
period T of the system; the rate of incrcase being very high for short period systems
(exception: T = (.1 sec.). The dependence of the mean value of N on T and the ductility
ratio u s illustrated in Fig. 2.

15s Records, Bikinear, a = 10%, Mean

v
H=234568 Ihlll'l-o-thld\‘.lhu).

40

l
|
%
|

—+ 4 +
. . |
| e 1
4] T T % ' ! L 1
0.0 05 10 1.5 20 25 30 35 40

Fig. 2. Dependence of Mcan Number of Inelastic Excursions on Natural Period and
Ductility Ratio (Bilinear SDOF Systems with 10% Strain Hardening)

Individual Plastic Deformation Ranges, ASp;. The magnitudes of the plastic
deformation ranges of the inclastic excursions can be represented by a lognormal
distribution. Large plastic deformation ranges are rare events, and small ones arc very
frequent. The median of the plastic deformation ranges in an earthquake is usually less
than 15% of the maximum (Hadidi-Tamjed, 1987).
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Sum of Normalized Plastic Deformation Ranges, A8/ 8y. This parameter is used herc as
the basic cumulative damage parameter. For bilincar systems it is equal to the dissipated
hysteretic energy normalized by F& Similar to N, this parametwer depends strongly on the
period T and the ductility ratio g dependence of the mean value of this parameteron T
and u is illustrated in Fig. 3.
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Fig. 3. Dependence of the Mean of the Sum of Normalized Plastic Deformation
Ranges (aﬁggg on Natural Period and Ductility Ratio
(Bilincar S Systems with 10% Swain Hardening)

This brief summary shows the significant dependence of the demand parameters on the
natural period of the structure of which the component is part. For generic test specimens
the need exists 10 base these parameters on short period structures, with the understanding
that their values may be very conservative for long period structures. It is to be recognized
that cyclic demands for structures depend on a great number of variables, and a unique
loading history will always be a compromise, but one that should be conservative for most
practical cases. It also needs to be considered that the values shown in Figs. 2 and 3 may
be low for earthquakes of large magnitudes (because of longer durations) and high for
earthquakes in regions of jower seismicity.

The information summarized here can be utilized to develop loading histories that represent
demand characteristics in "single specimen testing programs”. [n many cases such a testing
program may be inadequate, since it does not permit an explicit assessment of cumulative
damage. For the latter purpose a more comprehensive testing program is needed
("cumulative damage testing program”) that permits the determination of structural
performance parameters, which, together with a cumulative damage model, can be urilized
1o evaluate performance under arbitrary seismic excitations. Such a testing program will
depend on the damage mode] that represents the failure mode under study. Presented next
are two cumulative damage models that have been used in different studies to represent
demage accumulation in steel and reinforced concrete components.

Cumulative Damage Model

Many models for cumulative damage assessment of components subjected to seismic
excitations have been proposed in the literature. Most of them use either the plastic
deformation range or the dissipated hysteretic energy per excursion (or cycle) as the basic
demand parameter. The simplest model of this type is one that is based on the two
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hypotheses of a Manson-Coffin relationship and Miner's rule (Krawinkler et al. (1983)).
The first hypothesis postulates that for constant amplitude cycling the number of excursions
to failure, Ny, and the plastic deformation range, 43, (total deformation range minus clastic
deformations) are related by the following equation:

Ny = Cl(agy)¢ M

In this equation C and ¢ are structural performance parameters that have 1o be determined
experimentally. The equation implies that on a log-log plot the relationship between Ny
and a8, is linear.

The second hypothesis is Miner's rule of linear damage accumulation, which postulates that
the damage per excursion is 1/Ny, and that the damage from excursions with different
plastic deformation ranges, 48y;, can be combined linearly. Thus, the total damage D is
given by the equation

N
D = CY (48)°
i=1 2

If this hypothesis were accurate, a total damage of D = 1.0 would constitute failure.
Because of the known shortcomings of Miner's rule (neglect of mean defermation and
sequence effects) and the scatter in the structural performance parameters C ard ¢, the limit
value of damage that constitutes failure cannot be expected to be exactly 1.0. Krawinkler et
al. (1983) provide an extensive discussion of all the issues associated with this damage
model.

Pilot tests (Krawinkler et al. (1983)) have shown that this model gives good predictions for
various failure modes (local buckling, crack propagation and fracture at weldments) in steel
structures, and that the exponent c is a rather stable parameter whereas the coefficient C
exhibits considerable scatter. Provided that sufficient experimental data on the two
structural performance parameters can be obtained experimentally, it becomes a matter of
analysis to predict performance under various levels of ground motions which will impose
different demands (N and Asp,-)

In reinforced concrete a widely used damage model is that proposed by Park and Ang
(1985). In this model damage is expressed as follows

D = 5—"’+—ﬂ—]dE

o Qb (3)

in which damage index (D > 1 indicates excessive damage or collapse)
maximum deformation under earthquake

ultimate deformarion capacity under static loading

calculated yield strength

incremental hysteretic energy

parameter accounting for cyclic loading effect

D
m
o
P73

nnuwanu

=

This model also contains structural performance parameters (&, B) that need to be
determined experimentally.
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TESTING PROGRAMS AND LOADING HISTORIES

‘The choice of testing program and associated loading history depend on the purpose of the
experiment (research or seismic verification) and the type of anticipated failure mode (i.e.,
rapid or slow strength deterioration).

Single Specimen Testing Program - Multiple Step Test

This is the recommended testing program if only one specimen is available, the monotonic
load-deformation response can be predicted with good confidence, the rate of strength
deterioration is slow, and analytical cumulative damage modeling is not part of the
investigation. This testing program should not be used if the rate of strength deterioration
is rapid (see Fig. 1(b)) and the level at which this deterioration occurs may exhibit
considerable scatter.

Since sequence cffects cannot be evaluated in a single test, the suggested loading history
consists of a series of stepwise increasing deformation cycles (Multiple Step Test) as
illustrated in Fig. 4. In this history the cycles should be symmetric in peak deformations
unless the strength is very different in the two direcdons. The history is divided into steps
and the peak deformaton of each step jis given as 3j, a predetermined value of the
“deformation” control parameter. The only exception is the first step, which should be
performed in the “clastic” range and may be controlled by load rather than deformation.
The number of "elastic” cycles should be large enough to obtain stable and reliable values
of stiffness properdes. It may be advisable to perform two steps of "clastic™ cycles, at
about 0.58,, and 0.754,, particularly for reinforced concrete components.
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Fig. 4 Loading History for Multiple Step Test

At and beyond yielding, several cycles should be performed during each step. The step
increment 4 may depend on the anticipated deformation demand, but for components
whose ductility ratio is close to the story drift ductility ratio an increment of 4 = §, is
recommended. It may be advisable to perform small amplitude cycles after each or some of
the steps in order to evaluate stiffness degradation.
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In the loading history for such a test the primary parameters are the number of inelastic
excursions, N, the magnitude of the plastic deformation range of each inelastic excursion,
48, the sum of the plastic deformation ranges, 348,,, and the maximum ductility ratio that
will be experienced in the earthquake for which performance is to be evaluated. In order to
render a test useful for generic specimens, the last parameter must remain a variable to be
addressed in performance evaluation, and the other three parameters should be determined
so that the loading history represents the seismic demand for the full range of practical
ductility ratios.

Based on these requirements and the discussion in the previous section, the following
arguments are used here to establish a loading history:

1. 1t is assumed that the seismic demand for the interstory drift in complex
structures can be represented by the response of bilinear SDOF systems.

2. The loading history should represent a "reasonable and generally
conservative” demand on N, Aép,;, and E4é,,; for the full range of practical
story drift ductility ratios. Since both N and Z44,,; depend strongly on the
period of the structure of which the component is pant, the demands need to
be established for short period structures for which the demands are high.
SDOF systems with periods of 0.2 and 0.5 seconds were selected to
benchmark these demands.

3. "Reasonable and generally conservative" implies that the total number of
inelastic excursions, N, should be represented in average, and that the
cumulative plastic deformation range, ZAS,;, should be represented
conservatively. Consideration should also be given to the fact that small
inelastic excursions are much more frequent than large ones.

The loading history shown in Fig. 4 comes close to fulfilling these requirements as is
illustrated in Table 1. This table shows, for three selected periods T and different ductility
ratios p, representative values of predicted SDOF seismic demands (mean values and mean
plus standard deviation o of N and ZAdp;/8y deduced from the data given in Nassar and
Krawinkler (1991)). Also shown are the corresponding values obtained from the loading
history presented in Fig. 4, with the increment in peak deformation, 4, being equal to the
story yield displacement 8,. The third part of the table illustrates how conservative the
loading history is for components in long period structures.

Table 1 shows that for all periods and all ductility ratios the experimentally executed
ZAbpi/8y is greater than the predicted mean + o, whereas the experimentally executed
number of inelastic excursions in the period range from 0.2 to 0.5 seconds is smaller than
the predicted mean. The reason for this disparity is that in earthquakes short period
structures experience a large number of small inelastic excursions and a small number of
large inelastic excursions, whereas in the recommended loading history the magnitudes of
inelastic excursions are distributed more uniformly. The argument for replacing in
experiments the many small excursions by a few larger excursions is that the total number
of cycles that have to be performed in an experiment is reduced but the cumulative damage
effect, represented by mépﬁ? is still simulated conservatively. It is left to the judgment
of the experimentalist to modify the loading history and simulate the expected number of
inelastic excursions more accurately. It should be considered that the predicted values are
from U.S. West Coast earthquakes with magnitudes between 5.7 and 7.7 and for stiff site
soil conditions. For larger earthquakes with longer strong motion duration and soft soil
sites the number of inelastic excursions as well as the cumulative plastic deformation ranges
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may be considerably larger. On the other hand, for smaller magnitude carthquakes in
regions of lower seismicity the opposite may be wue. Thus, modifications to the
recommended loading history may be in order if much larger or smaller seismic demands
are anticipated.

Table 1. Predicted and Experimentally Executed Demands

Period| Max.| N = number of inelastic ex n%@imipl._d;iﬂgﬁ
_T u mean | mean+g | experim. | mean mean+g | experim.
2 12 19 6 4 7 11
0.2 4 28 42 16 28 41 57
6 36 55 24 54 76 127
8 39 59 32 18 109 229
2 8 12 6 3 5 11
0.5 4 19 30 16 23 36 57
6 24 35 24 41 64 127
B 26 38 32 64 97 229
2 4 7 6 3 4 11
2.0 4 7 10 16 13 20 57
6 9 12 24 25 36 127
8 10 14 32 38 52 229

More than one cyclic test is needed if performance ¢valuation cannot be based with
confidence on the results of a single test. This is the case for specimens that exhibit the
behavior shown in Fig. 1(b). The illus! ated response comes from a beam specimen in
which failure was caused by crack pr pagation and fracture at a beam flange weld
(Krawinkler et al. (1983)), Although ¢.ack propagation occurred relatively early in the
cyclic history, it did not lead to a noticeable deterioration until unstable crack growth
occurred and the weld fractured suddenly, leading to a rapid deterioration in strength.
Crack initiation and crack growth at weldments are phenomena that are greatly affected by
workmanship and their characteristics may exhibit considerable scatter. For instance, in the
test series from which Fig. 1(b) was obtained, three identical specimens cycled at the same
deflection amplitude failed after 8, 14, and 15 cycles, respectively, and two other identical
specimens cycled at a smaller deflection amplitude failed after 46 and 92 cycles,
respectively. If only a single test had been performed, the performance evaluation would
have led 10 misleading results. In such a case, several identical multiple step tests need to
be performed or a cumulative damage testing program needs to be carried out.

Cumulative Damage Testing Program

A special testing program is needed if a cumulative damage model is to be developed for the
purpose of assessing seismic performance of the companent under arbitrary loading
histories. A cumulative damage model may be utilized to evaluate the cumulative effect of
inelastic cycles (or excursions) on a limit state of acceptable behavior. This limit state may
be associated with excessive strength deierioration or other measures of damage tolerance.
A cumulative damage model is based on a damage hypothesis and may include several
structural performance parameters. The validity of the hypothesis and the values of the
performance parameters have to determined experimentally. This requires a multi-specimen

testing program whose details depend on the type of damage model and failure mode to be
investgated.
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If the cumulative damage model given by Eq. (2) is appropriate, at least three constant
amplitude tests on identical test specimens are needed in order to obtain values for the
performance parameters C and ¢ and 1o verify that the relationship given by Eq. (1)
represents reality with sufficient accuracy. For each test a new specimen must be used
since each specimen is to be tested to failure, The deformation amplitudes for the three
tests should be selected so that they cover the range of interest for performance assessment.

Additional constant amplitude tests need to be performed if strength deterioration is caused
by a failure mode whose characteristics may exhibit considerable scatter. In order to
evaluate the scatter, tests with previously used deformation amplitudes should be repeated.

If the cumulative damage model given by Eq. (3) is appropriate, a monotonic test is needed
to determine &, and several more experiments are needed to evaluate § as well as the load
deformation characteristics on which JE depends.

PERFORMANCE EVALUATION

Performance in general may be concerned with several limit states, ranging from
serviceability to safety against failure. Although test results will provide information on all
limit states, the recommendations made in this paper are pat forth specifically for
performance assessment at the limit state of failure.

Failure may be defined as the inability of the component to resist an imposed secismic
demand without excessive deterioration in strength. This necessitated the definition of the
strength associated with failure, Qpin, which must be assigned to the experiment. It is
convenient to express this residual strength as a fraction a of either the measured or the
predicted yield strength. The predicted yield strength appears to be more appropriate since
it is used in design and in the analytical studies on which the predicted seismic demands are
based. The fraction a is a matter of judgment and may depend on the rate of strength
deterioration close to failure. Once Q;, is defined, the experiment(s) will provide all
information relevant to performance evaluation.

If a cumulative damage testing program is employed, performance can be predicted directly
from the damage model and analytical predictions of seismic demands. In a single
specimen testing program the intent of the multiple step test is to incorporate the most
important cyciic demand characteristics of N and £48, ;, regardless of the maximum
deformation or ductility demand imposed by an earthquake. Thus, during performance
assessment only one additional primary demand parameter remains to be considered.
Conventionally, this additional demand parameter is the maximum ductility ratio, which
needs 1o predicted from analytical studies on the structure of which the component is part.

Presuming that the component ductility demand can be evaluated with due consideration
given to the uncertainty in seismic input, performance assessment can be based on the
evaluation of gapacity/demand ratioe of ductility and other important performance
parameters. The capacities to be used for this purpose are quantities associated with Q,,,;,,
and the corresponding &, obtained from the experiment. The primary capacity/demand
ratio is likely that for ductility, but other ratios, such as those for cumulative hysteretic

energy dissipation and cumulative plastic deformation ranges, should also prove useful for
performance evaluation.

Adequate performance implies that a margin of safety needs to be provided against failure.

Thus, the required capacity/demand ratios should be larger than 1.0. How much larger
depends on the degree to which input uncertainties are considered in the determination of

68



ductility demands and on the mode of faiiure of the test specimen. If the mode of failure is
associated with rapid strength deterioration, the required capacity/demand ratios should be
larger than for modes of failure with gradual strength deterioration.
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ASEISMIC TEST OF BUILDING STRUCTURE
Zhu Bolong
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ABSTRACT

A general discussion sbout aseismic test is presented in this paper. It is involved the
sseismic static test and aseismic dynamic test, laboratory test and field test. Besides, the
aseismic behaviour and aseismic capacity are also discussed in this paper.

INTRODUCTION

It is well known that, using the ascisnic test results to estimate the aseismic behaviour or
aseismic capacity is very useful. So, many seismic countries pay their attention to the devel-
opment of ascismic test method. On the other band, how to use the aseismic test results to
correctly evaluate the aseismic behaviour or ascismic capacity arouscs the interest of every
researcher in area of aseismic design of building structures.

The kinds of aseismic test methods can be summarized 2s follows:

Ascismic static tat{ cyclic loading

noncycic loading~~pseudo dynamic
Ascismic dynamic mt{ cyclic loading—vibrator, shaking table

noncyclc loading—shaking tabie, field test

It should be noted that, not any aseismic test in laboratory can reappear one actual
carthquake. But, in comparison with the static test, the dynamic test is better; in compari-
son with cyclic loading, the noncyclic loading correspoading 1o seismic responses is more
close to the practice; besides, in comparison with the tests in laboratory, the ficld dynamic
test is more close to the carthquake.
Except the problem of test method, in the area of how to use the test results, the aseismic

behaviour and aseismic capacity should be distinguished.

70



ASEISMIC STATIC TEST AND ASEISMIC DYNAMIC TEST

It is well known that the difference between static and dynamic tests is the strain rate
effects, test duration and the possibility to change test program.

1. Strain Rate EfTect
Cyelic loading

Fig. 1 shows the hysteresis loops of masonry walls subjected to the static and dynamic load-
ing. The shear strength of masonry wall increases with the decrease of loading period. Such
phenomenaon is similar to concrete and steel, as shown ia Fig. 2 and Fig. 3. According to the
earthquake respoase of building structure, the strain rate of member has a various value
within 0.01~§.025 / sec. It means that during earthquake the dynamic strength of the ordi-
nary material maybe increase 10~ 15% in comparison with the static strength of that.

Noncyclic loading

The static noncyclic loading may be realized by two ways: onc is the test specimen loaded
by a predicted loading pattern, the other is pseudo—dynamic 1est. Since the pseudo dynamic
test is an actuator—computer on line system, the stiffness variation of members can be re-
flected in the calculated process. Therefore, the laiter is bettter than the former. But, in
comparison with the shaking table noncyclic dynamic test, the static noncyclic test can not
provide following two distinguishing features: strain rate effect and failure pattern. It
should be mentioned that the failure pattern of test specimen or test model building de-
pends on the test method: static or dynamic, the latter can provide acceleratioa. Shaking
table test has verified that this problem is particularly evident in masonry test, as shown in
Fig4.

2. Test Duration

Except the preparing period, the test duration of static test is longer than that of dynamic.
The duration of static test needs several hours, but that of dynamic test only needs few sec-
onds.

3. Posribility to Change Test Program

In static test according to the loading path or loading pattern, the specimen can be experi-
mented one stage alter another, and the experiment can be temporarily stopped &t any stage
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10 inspect the cracks and deformation. Sometimes, the original test program mey be
changed on the base of cxperimental development But in dynamic test, the above—men-
tioned advantage is very few.

LABORATORY TEST AND FIELD TEST

In laboratory the static experiments and shaking tabic tests including cyclic and noncyclic
loading can performed, but in the test field only the noncyclic dynamic test can be done.

1. Laboratory Experiment

The important advantage of laboratory experiment is that under the same condition, a
group of specimens using same method can be tested. It is very usefv! in practice.

Static test

For the d¢sign purpose, the rescarchers can experiment & series of specimens to determine
the available strength and reasonable constructional measures by means of static test. For
example, Fig. § shows the shear strength of masonry walls (where: R —shear strength of
masonry, R,—shear strength of mortar joint, s,—normal pressure), and Fig. 6 shows the re-
Iationship between number of cycle and degradation of restoring force.

On the other hand, it is well known that the restoring force model is very important for
nonlinear structural analysis of earthquake response. So, based on the results of a series
tests, the restoring force model of member or structure can be determined. For instance,
Fig.7 shows the restoring force model of reinforced concrete flexural member with axial
load, and Fig.8 shows the masonry wall subjected to the reversed shear force.

Owing to the fact that the restoring force model involves the yielding strength and
deformation, the ultimate strength and deformation, the mitial stifTness and the stifTness
degradation, etc., the above mentioned factors are the key factors of the aseismic behavior
of members.

Shaking table test
On the shaking table the model structure or members can be tested. In spite of the fact that
the model building tested on the shaking table is not equal to the real building excited by

the natural earthquake, the damage characteristics and crack pattern are close to the actual
phenomena.
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With the gravitational ficld problem, the ascismic capacity of prototype structure can he
approximately estimated by that of model building tested on the shaking table according to
drailitude relationship.

2. Field Test

In general, the ascismic ficld tests involve two main kinds: one is the testing structure tested
in field by artifitial earthquake, the other is the testing struture built at multiple carthquake
area waiting for the actual carthquake.

Artificial earthquake

Recently, the artificial earthquakes occurred from two ways: one is the explosion
earthquake, the other is by using special device exploded according to some predicting time
series. Fig.9 shows the explosive generated ground motion in China, and Fig.10 shows the
time history of ground motion occurred by special explosion device in China.

Natural earthquake

University of Takyo constructea a natural earthquake testing field in the Chiba, Japan. A
xrics of large—scale model buildings according to different test purposes are built at testing
field waiting for the earthquake. Owing 1o the fact that in the field different magnitude
earthquake frequently occured, the control center of testing field has obtained a lot of in-
formation of earthquake responses of large—scale model buildings..

ASEISMIC BEHAVIOUR AND ASEISMIC CAPACITY

The aseismic test results are always used to determine the aseismic behaviour or aseismic
capacity. It should be mentioned that both of them have some common content, and have
some different objectives.

1. Common Content

The following factors of the member of Luilding structure should be discussed for the
ase.smic behaviour and aseismic capacity:

(a) Strength: crack and ultimate strength, degradation of strength;

(b) Deformation: ductile and ductility factor, deformation and deformability;

(c) Ene:gy: energy absorption and energy dissipation;
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(d) Stiffness: initial stiffness, unloading stiffness, repeated loading stiffness, equivalent
stiffness and stiffness degradation,

(e) Hysteresiz loopa: patiern and area of loops, hysterctic damping, skeleton curve;

(D) Failure mechanism.

2. DifTerent objectives

Though both the aseismic behaviour and aseismic capacily have some common rescarch
content, from the viewpoint of the solution of the probiem, they have some different objec-
tives.

Aseismic behaviour

In order to compare the basic parameters between two different members or between two
different constructional measures of one member, the aseismic behaviour of member should
be studied. As shown in Fig.6, in order to compare the ascismic constructional measures,
the strength, stifTness, degradation, hysteresis loops, deformation, failure mechanism, etc.,
all of which need to be studied. But, it should be pointed out that, for aseismic behaviour it
is unnccessary to solve the prablem that up to what level of earthquake the structure can
rest.

Asgismic cagacity

In order to solve the problem that what level of earthquake can be resisted by the structure,

the aseismic capacity should be studied, and in connection with this problem, the strength,

stiffness, etc. of structure should be concerned.

In general, the ascismic capacity of structure may be determined by many ways(Fig.11).
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The Experimental Method of Reinforced Concrete Silos

Zhu Bolong Shi Weixing
(Tongji University, Shanghai, China)

Abstract

This paper discusses the similsrity relationship determination,
wodel desigan and coastruction, test method and experiment procedure ete
with the example of Husngdao Rlectricity Plant. The experiment resuit
by this method is quite satisfying.

1. Preface

As a kind of modern structure, silos suffer less from earthquake,
especially from intense earthquake. But their failure during earthquake
has been observed. During the earthquake of March 4, 1977 in Romania,
the supporting structures, top storey structures of silos, were
destroyed, the root of small top building eracked, and even collapsed.

Since 1960s, some dynamie researches on silos have been done
sbroad. But their research directions limit to dynamical effective mass
of storage. There are few researches on the seismic responses and
failure of silos. With the more and more extensive application of silos,
the experiment research on the seismic resistant performances of silos
becomes more and more imperative. This paper discusses the simulated
seismie shaking table experiment method of reicforced concrete sile
with the example of Hangduo Electricity Plant.

2. Nodel Design

According to the actual situation of shaking table of State
Laborstory for Disaster Reduction in Civil Engineering in Toungji
University and the height of structure laboratory, the size scale ratio
between prototype and model of Hangdso Electricity Plant silo is taken
as 10: 1,

The result of previous statics research on silc shows that (the
frietion between eylinder wall and storage has great effect on storage
paterial pressures. Ip order to simulate actual frietioe situation
better, microconcrets is selected as model storage silo’ s material, and
steel net is used to simulate the bsrs in the cylinder wall of
prototype. The mode! storage material iz still coal. Therefore, the
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density scale factor of storage material must be |, Because
gravity accelerate scale factor must be 1 in any experiment on the earth,
silo model must be actual model. Other similarity requirments are
listed in table 1.

There are still some problems in the material selection for this
medel made strictly according to the prototype. Grade 300 concrete is
used as prototype material. Accordisg to similarity repuirment,
microconcrete for model can only be grade 30. Thus, such low-graded
concrete will cause great inconvenience in the model construetion and
installation in experimeat. Therefore, the strength of wmicroconcrete
should be appropriately enhanced. The grade of microconcrete in this
paper is 60. It will slightly inerease the tepsile strength of specimen
. According to the similarity requirment, the steel strength of the model
should be 1/10 that of prototype. It is difficult to obtain such
paterial. The adoption of alloyed materinl, such as aluminum, lead ete.
will increnss the cost of model and is unpratical in the present fund
condition. Therefore, No.12 steel net is used to simulate the bars ir
the cylinder wail of prototype. This will have little effeet oo the
tensile etrength of model silo, but have some offect oo the development
of crack. Model material property tested from experiment is eshowed as
follows:

(D.Mieroconcrete

Streagth: 4. 30MPa for Model A, 4.60MPa for Model B.
Elastic modulus: 4. 74X 10"MPa

2,Steel
Yield strength: o4 535MPa
%6 354MPa
o8 236MPs
Elastic modulus: 1.96X10°WPs
@. Conl

Density: 502kg/m* for model A, 874kg/m® for model B

Moisture: 8% for model A, 11% for model B

Friction angle: 37.3°

Friction factor (on microcoacrete wall): 0.6

Two models, pamed model A and mode! B, are used in the paper.

Model A is the actunl oodel of secosd- phase coel silo of Huangdao.
Model B is the improvement of model A. It eliminates inner cylinder
structure. Its supporting structure consists of outer cylinder wall and
inner columes. The hopper is directly supported on the outer ecylinder
wall and its top building is eliminated. The profile ef model A and
model B are showed in Fig.1 and Fig. 2. Photo.1 1is the coostruction
scene of model B. Photo. 2 is the appearsnce of model A snd B.

3. ;glt Method



3.1 lostrument Selection

1. Sensors

Like other shakiog table experiments, sensors used in the model
silo experiment also include strain gauge, displacement gauge and
acceleration gauge. Additionally, it is one of the objeets of this
experiment to mensure storage material pressurss, Therefore, this
experimeat also requires pressure sensors,

3. Data Sampling Systen

Storage material pressure is required to messure in this
experiment. It takes as locg as 3 hours to fill cosl into the silo. In
such a long time, test error is unavoidable because of the instrument
adrift resulted from tempoerature and other factors. Therefore, the good
performance American MTS 450 Data Sampling System of Simulated Seismic
S8haking Table is used in sample data

3.2 Measurement Point Arrangement

The symmetricity is taken advantage to reduce measurement points.

1. Straio Messurement

Strein messuremezt includes cylinder wall strain,  supporting
structure strain and openings strain. Model B also includes the joint
strain of cyliader wall and hopper.

@®. Cylioder Wall Strais

Strain gauges are arranged on V1.40,V 1. 80 aad V32.50 to measure
vertical apd ecircular stress distribution in the ecylinder wall. Both
iener and outer siraio gauge are used to account for the possible
moment ia the cylinder wall. Because the inner side of the silo will be
impacted by the coal and cause strain gauge to be susceptibly damaged.
Ie another way, we sarrange strain gauge on the 250mm long ¥4 bar, and
burry the bar in the inner side microconcrete of the cylinder wall.
Iener side strain is mpeasured by the boad between the bar and
microconcrete.

®. Supportieg Structure Strain

Vertical strain gauges are arranged on V0.00 to study the effect
of superstruecture on foundation.

®. Openings Strain

The stress concentration at the openings is the weak area of the
structure. Therefore, strain geuges are arracged at the openings.

2. Storage Material Pressures

Six pressurs boxes ars srranged on each modei. They are numbered
P'I:P'zt P’an P“s ?'5. P'E, [ § ] 'hﬂ"d in Fi‘. 3. P- 1~ P- 4 measure the
preseures on cylinder wall. P- 6, P- § measure the pressures ot the
inelioed side of the hopper.

3. Displacement and Acceleration

The arracgement of displacement sensors aod acceleration sensors
is skowed in Fig, 4.Because seismic wave ie inputed in two directions
respectively during dynamie cxp&;iuent. displacement sensors D-1,D-2,D



-3,D-4 and acceleration sensors A-1,A-3 are arranged in X direction
when seismic wave is inputed in X direction, and they are srranged in
Y direction when seismic wave is inputed in Y direction.

4. Expetiment Procedure

}. Lift the model on the skaking table, as skowed in Fig. 5  aad
install pensors and cables.

3. Test the eigenvibration characteristic of empty silo in both X
direction and Y direction.

3. Adrift test: The time to fill coal in the ezperimeat is so
long that the instrument adrift resulted from the temperature change
is unavoidable. It is necessary to coaduct adrift test, record the
relstion curve beiween sensor sigeal and temperature, and find invalid
sensors.

4. Build scaffold for filling coal.

6. Coal filling experiment: Carry the coal to the sxperiment hall
by trolley, and lift it to the scaffold, thes it is filled into the
silo, Sample data every twenty minutes, and record the tempesrature and
the amount of filled coal.

§. Coal flowing experiment: Disturb with iron bar in the mouth of
hopper to cause the coal to flow for 30-60 seconds contipuously, and
sample data. Cosl flowing experiment consisis of coal flowing in east
hopper, coal flowing in west hopper and coal flowing in both hoppers
simultanounsly.

7. Test the oeigenvibration charateristie of full sile io X
direction,

8. Test the full silo when inputed with seismic wave in X
direction : 0.1g and 0.33g vave sequentally,

9. Test the eigenvibratioon charscteristic of full silo in Y
direction,

10. Test the full sile wten inputed with seismic wave in Y
direction: 0.1g 0.33g 0 45g 0. 9¢ 1. 48g, 1. 8g end 2. O0g wave
sequentally.

6. Experiment Result

Experiment result indiecades that storage material pressures
distribution under seismic wave is large at upper and lower and little
at middie pattern. There is approxzimately linear relation between the
increment of storage materisl pressures and table acceleration. There
is nonlinear relation between the dscrement of storage material
pressurss and table scesleration. Whken silo endures seismic wave,
dianogal miecroerack occurs first at the wall- hopper joint. With the
igecrease of table acceleration, Bgrnekl occur at the door opening, "H°



shape beam, girib, window opsning of the silo, These position are the
weak links of the structure. According to similarity relation, when
the prototype silo suffers from 7 degree earthquake, eracks will oceur
at the root aed hopper, and part of bars yeild. But there is no danger
of collapse.

6. Conclusion

Limited by the strorage material, reinforced concrete silo model
pust be actual model. The simulated seismic skaking table experiment of
elaborately designed microconcrete silo model has satisfactory result.
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Tabie 1
Paraseter Yalue
Length 0.1
Tioe 0.3182
Fr iquency 3.182
Displacement 0.1
Aoceleration 1.0
Gravity Acceleration 1.0
Density t.0
Strain 1.0
Stress 0.1
Elastic Modulus 0.1
Pressure 0.1
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EFFECTS OF SCALE AND LOADING RATE WITH TESTS OF
CONCRETE AND MASONRY BUILDING STRUCTURES

Daniel P. Abrams
Newmark Civil Engineering Laboratory
University of lllinois at Urbana-Champaign
Urbana, IL 61801

ABSTRACT

Static and dynamic response of reduced-scale and full-scale test structures are correlated to
discern effects attributable to scale and loading rate. Three case studies are presented where
large-scale building systems were represented using reduced-scale models that were sub-
jected to dynamic excitation using a shaking table. The test structures were (a) ten-story rein-
forced concrete frame-wall systems, (b) three-story reinforced masonry building systems, and
(c) unreinforced masonry infills in reinforced concrete frames. In addition to dynamic tests,
static testing of either critical components, or of the complete structural system, has been done
to examine differences attributable to the modeling method, or to the loading procedure.

INTRODUCTION

A paradox has plagued experimental earthquake engineering research since its inception. Ac-
tual buildings are massive siructural systems that are excited dynamically during earthquakes.
If dynamic response of these systems is to be examined in a laboratory setting, test structures
must be reduced in size. H extrapolation of research results to structural engineering practice
is to be made, the use of reduced-scale models may be questioned by code writing officials.
Therefore, large-scale specimens must be tested as well, but at static rates, because hydraulic
flow and payload capacities of present shaking tables are not suited for large-scale building
systems. Whereas the question of scale is absolved by testing a large-scale structure, other
questions emerge with respect to the extrapolation of static test results for estimating dynamic
response. Until shaking tables emerge in our laboratories that are large enough to test full-
scale building systems, these questions will continue to be asked, and the paradox will be past
on to the next generation of experimental researchers.

Three separate laboratory testing programs are described that include shaking table tests of
reduced-scale structures, and large-scale static tests. The presentation serves (o acquaint for-
eign researchers with state-of-the-art testing practices used in the United States for earth-
quake engineering research. A second objective is to provide some insight to possible differ-
ences in seismic response attributable to specimen size or loading rate.

Reduced-scale models are generally excited dynamically on shaking tables to provide re-
sponse data for examination. This category of testing is depicted as element ¢ of the matrix
shown in Fig. 1. Large-scale test structures are usually tested statically (element ¢ of matrix).
It is of obvious interest to understand relations between response of reduced-scale specimens
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Fig. 1 General Relationships Between Scale and Loading Rate

and full-scale buildings (e to d correlation), and between static behavior of large-scale speci-
mens and dynamic response of actual systems excited by earthquakes (c to d correlation). Un-
fortunately since data on dynamic response of full-scale structures is usually not available to
make direct correlations with laboratory specimens, to understand these relations requires
an alternate approach. If a twin reduced-scale specimen is subjected to similar response histo-
ries as its sibling on the shaking table (element b of matrix), then direct correlations attribut-
able to scale (b to ¢ correlation), and loading rate (g to & correlation) can be made. Through
assimilation of these two correlations, it may be surmised how to extrapolate test data from
reduced-scale dynamic tests, or large-scale static tests, toestimate dynamice response of actual
building systems. Whereas this approach does not provide a direct correlation, it is the best
that can be used until capacities of earthquake simulators are increased to the extent that dy-
namic response of full-scale systems can be measured. The three case studies given in this
paper help to illustrate this testing philosophy.

TESTS OF TEN-STORY RC FRAME-WALL SYSTEMS

In the first case study, a series of ten-story reinforced concrete structures at approximately
one-twelfth scale were excited to failure on the Illinois shaking table (Fig. 2). Information on
these tests can be found in References 1and 4. Replicas of beam-column joints, and base-story
columns were constructed at a large scale, and were tested statically to define hysteresis rela-
tions (Refs. 8 and 9). In addition, replicas of the same components were constructed at the
same reduced-scale as the ten-story test structures and again tested statically (Refs. 2 and
3).

Hypothetical differences in dynamic response for large and small structures have been com-
pared by modeling hysteresis relations for both reduced and full-scale components in a non-
linear dynamic analysis (Refs. 5 and 6). Because hysteresis relations are based only on static
experiments, this hypothetical correlation is of the type b toc. A sample of the research results
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Fig. 3 Computed Top-Level Response for Large and Smali Frame-Wall Systems

the lllinois shaking table (element 2). In addition, a twin one-quarter scale system was tested
statically {element b) with an identical sequence of deflections as its shaking table sibling,

The large-scale test structure is shown in Fig. 4. Lateral forces were applied at the top of the
second-story to simulate inertial forces that would vary along the height of a three-story build-
ing in an inverted triangular pattern. A twin pair of 500 kN servohydraulic actuators were used.
Since story shears would be zero above the second story for this specimen, there was no need
to construct a third story. Because lateral deflections at the second-level were appreciable
relative to the stroke lengths of the actuators, displacement control could be used for the pair
of actuators without having significant differences ir: the forces for the two actuators.

Results from testing the large-scale specimen are summarized in Ref. 7. Test data provided
benchmark information for calibration of code values for allowable shear and compressive
stresses, In addition, test results suggested modes of failure to be included in future computa-
tional models. Nonlinear behavior of the system was governed by inelastic deformations of
the central piers in shear. The system continued to resist lateral force after diagonal cracks
were observed in the central piers suggesting that story shear could be redistributed to exterior
piers with no loss of strength. Though the system and the loading was symmetrical, behavior
of local pier elements was found to be asymmetrical as a result of alternating axial forces.

The one-quarter scale structure is shown in Fig. 5. Concrete blocks were exactly one-quarter
the size of full-scale 8-inch block and were fabricated using the same casting process as used
in actual manufacturing. Reduced-scale reinforcement consisted of annealed wire. Mortar
and grout materials were essentially the same as full-scale materials with the exception that
large-size fine aggregates were removed. Because the stress-strain properties of the wire
could be made to simulate typical Grade 60 reinforcement, and the grout was closely modeled,
both the tensile and compressive properties of the materials could be replicated. The demand
for exact simulation of bonding between the masonry units and mortar joints was not of a great
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that a reinforced masonry structure could dissipate energy through hysteresis in much the
same way as does a reinforced concrete structure. Nonlinear, dynamic drifts could be esti-
mated using the same models as proposed for reinforced concrete systems. A capacity design
approach proved to be acceptable for reinforced masonry systems. Measured response sug-
gested that a single-degree-of-freedom nonlinear spring model could be used 1o estimate non-
linear response histories, and that an equivalent linear model could be used to estimate re-
sponse maxima. In summary, modeling at one-quarter scale proved to be a suitable methed
for investigating overall response of reinforced masonry systems, Detailed descriptions of re-
search results from the shaking table studies can be found in Refs. 12 and 13.

Direct correlations between the reduced-scale dynamic tests and the large-scale static test
(a to ¢ type correlation) cannot be made because there are two variables to consider: the scale
and the loading rate. However, an attempt has been made to do this in Ref. 10. It was found
that nentinear response of a masonry building system is sensitive to the ways that it is con-
structed and tested. Dynamic testing resulted in a lateral force distribution which was much
different than the inverted triangular distribution that was represented with the single concen-
trated static force. Lateral strength of the fully grouted, one-quarter scale specimen was lim-
ited by shear strength of the exterior piers. A weak sliding shear plane was developed at the
top of the piers which resulted in nearly all of the story shear being attracted 1o a single exterior
pier. The partially grouted full-scale specimen did nat behave in this manner since the central
piers proved to be the most vulnerable elements.

A twin of the one-quarter scale test structure was tested statically following the shaking table
experiment. Cycles of lateral displacements at the third level were applied with a servohydraul-
ic actuator in the exact same sequence as was observed from the dynamic test. Lateral forces
at the first and second levels were governed so that an inverted triangular loading distribution
would be maintained throughout the testing. The top-level actuator was controlled using an
analog ramp function. The sequence of peaks in the top-level deflection history were pre-de-
fined with an array of data points that were input to a personal computer. Lateral deflections
at the top level relative to the test floor were continuously monitored and compared with the
current target peak for a particular cycle. When the target deflection was reached, a five-volt
signal was sent from the computer to the function generator which at that instant reversed
the ramp function for the top-level actuator.

Sample plots that contrast the base moment-deflection relations for the shaking table speci-
men and its statically tested twin are presented in Fig. 6 (this is a type a to b correlation of
Fig 1). The time increments shown in the figure are expressed in terms of the duration of
dynamic testing. Differences in lateral stiffness and strength were appreciable for the two test
specimens. In the last and most severe test run, flexural strengths for the static specimen were
79% of strengths for the dynamic specimen. The lowest average stiffness taken from peak to
peak of the largest cycle for the static specimen was 55% of that for the dynamic specimen.
It was apparent that the rate of strain can have an appreciable effect on crack propagation,
Observed damage for the dynamic specimen was much less than for that for the static speci-
men despite the fact that the dynamic specimen resisted more force. From these observations,
it was concluded that static testing in a laboratory provides a more demanding environment
than an actual seismic event. Thus, large-scale static testing should be a conservative ap-
proach. A summary of correlations between the static and dynamic specimens can be found
in Ref. 11.
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Fig. 6 Static and Dynamic Mcasurements for One-Quarter Scale Masonry Test Structures

TESTS OF UNREINFORCED MASONRY INFILL-FRAME SYSTEMS

The third case study is a present rescarch project that is being done at the University of Illinois
and the US Army Construction Engineering Laboratory (CERL). Large-scale reinforced con-
crete frames with masonry infills are being subjected to a series of in—plane static force rever-
sals before static out-of-plane pressures are applied. The tests are being done to improve
methods for evaluating out-of-plane strength of cracked masonry infills, and may be catego-
rized as type c specimens in Fig. 1. At CERL, one-half scale replicas of the large-scale speci-
mens are being subjected to simulated earthquake motions on a shaking table. These tests
can be categorized as type a specimens in Fig. 1.

Fig. 7 Large-Scale Masonry Infill Test Specimen

A typical large-scale infill specimen is shown in Fig. 7. In-plane lateral forces are applied
using a pair of servohydraulic actuators. One actuator is controlled in accordance with a series
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of programmed displacements while the other actuator is controlled such that its force will
be identical with the first actuator. By using this method, displacement control can be utilized
making it possible for post-peak behavior to be examined in a controlled manner while torsion
of the two lateral forces is kept to zero.

Out-of-plane pressures are applied with an air bag. The bag is expanded between a masonry
infill panel, and a concrete reaction slab. Air is supplied to the bag at a constant flow rate
making the test a volume-controlled one. Air pressure is measured with an electronic gage
that is checked against a simple manometer that relates pressure to the height of a water col-
umn. In addition, the total lateral force is measured with load cells so that the true contact
area between the bag and the infill can be deduced.

600

Detlection / Height, %

Fig. 8 Measured Qut-of-Plane Behavior of Large-Scale Masonry Infills

A summary of out-of-plane behavior is shown in Fig. 8 where transverse pressure is plotted
versus lateral deflection (expressed as a percentage of the height). Each curve in the figure
is for a different infill specimen. Parameters of the study are the type of masonry (clay brick
for specimens 1, 2B, 3B and 6B, and concrete block for specimens 4B and 5B), the infill height
to thickness ratio (34 for specimens 1, 2B, and 3B, 17 for specimens 4B and 6B, and 11 for
specimen 5B), and the mortar type (Type N portland cement-lime mortar for specimens 1, 2B,
4B, and 5B, and lime mortar for specimens 3B and 6B). In addition some specimens (2C, 3C
and 6C) are being repaired after testing with a cement-plaster coating.

The large-scale tests done to date have shown that the out-of-plane strength of an unrein-
forced masonry infill can be quite high even when cracked with in-plane loads. This is a result
of the substantial arching action that develops for panels with a low h/t ratio. An analytical
model is being developed that accounts for inelastic behavior of a two—way plate that is sub-
jected to arching actiou. Yield line analyses commonly used for reinforced concrete slabs are
being adapted to include arching effects.

The half-scale specimen (Fig. 9) consists of two paraliel concrete frames with masonry infills
that are joined by a concrete slab. Half-scale clay masonry units are fabricated using the same
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process as used for actual bricks. Mortar joints are scaled down to one-half of full-scale joints.
Actual deformed rebars are used for the longitudinal reinforcement in the frame. Maximum
aggregate size for the frame concrete is limited to 3/8 inch, or one-half that of conventional
full-scale concrete mixes.

Test specimens are aligned on the shaking table so that the principal plane of the masonry
infills are parallel with the input motion. After exciting specimens so that the masonry cracks
under in-plane shear, they are rotated ninety degrees so that the masonry infills are subjected
to transverse pressures resulting from their own inertial forces. For the in-plane testing, addi-
tional masses are placed on the top slab so that inertial forces will be large enough to crack
infills with in-plane shears. These additional masses are removed for the cut-of-plane testing.
The amplitude of the base motion is scaled for the out—of-plane tests so that the inertial result-
ing from the mass of the masonry will be sufficient to result in significant damage.

Fig. 9 Half-Scale Masonry Infill Test Specimen

Dynamic testing of the first infill specimen has recently taken place. Since test datais still being
reduced, correlations with the large-scale specimens cannot be made at this time. Although
a dynamically tested specimen should be stiffer and stronger than one tested statically, it is
anticipated that the influence of repeated and reversed load reversals may result in a compen-
sating deterioration of stiffness and strength. Preliminary correlations of crack patterns for
specimens of each size have revealed similar extents of cracking suggesting that this tendency
may be true.
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CONCLUDING REMARKS

Three case studies have provided a general overview of various approaches to experimental
earthquake engineering research. Shaking table experiments of ten-story reinforced coiicrete
frame-wall systems, three-story reinforced masonry wall systems, and one-story masonry in-
fill-concrete frame systems have each demonstrated the advantages of dynamic testing. Lar-
ge-scale static tests of reinforced concrete compunents, a two-story reinforced masonry build-
ing, and one-story infill-frame systems have provided data on the seismic behavior of actual
structures which is needed for extrapolation of dynamic test data from the reduced-scale
structures.

If there is one primary commonalty between the three case studies it is that tests of reduced-
scale structures on shaking tables, or large-scale specimens tested statically will always be in-
conclusive. At best, three of the four elements of the matrix shown in Fig. 1 will be filled.
Dynamic response of large-scale systems must always be surmised on the basis of the experi-
ments done on either reduced-scale or statically tested specimens. Gaps will always exist be-
tween tests of reduced-scale and large-scale specimens because of material and loading differ-
ences making correlations difficult to make between them.

The central conclusion from this presentation is that large-scale dy:amic experiments are
needed. If a large shaking table were available for dynamic tests of full-scale one or two-story
structures, then it may be possible for earthquake engineering research to advance to a new
generation.
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STUDY ON SIMILITUDE RELATIONSHIPS OF
REINFORCED CONCRETE COLUMNS BASED ON SHAKIRG TABLE TESTS

Lu Xilin ' and Llao Guangming 2

ABSTRACT

According to dynamlc similitude requirements and properties of
reinforced concrete structures, five sets of reinforced concrete columns
were tested on shaking table to find out the similitude relationships
between models and prototvpes in the case of some similitude requirements
are not satisfled.

INTRODUCTION

In the research of selsmic resistance of engineering structures, it
ls necersary to carry out shaking table tests in order to investigate the
dynamic behavior of structures under strong earthquake. Since the
capacity and size of shaking table are limited, it is very common to do
model test on shaking table instead of prototype test. Therefore the
similitude relationships between mecdel and prototype become a key problem
in thils kind of test, and mere and more scholars pay attention to the
research on dynamic similitude requirements of reinforced concrete
structures. For many years the research work was limited to the
theoretical analysis, and little work was done by means of shaking table
tests. The work in this paper is mainly based on shaking table tests of
reinforced concrete columns and system ldentliflcation. then the similltude
relationships and the formula were obtained to predict the response of
prototype by using the model test results.

SHAKING TABLE TESTS

Flve sets of 18 reinforced concrete columns were tested on shaking
table to investligate the behavior of reinforced concrete with different
scale factors when some of the similitude requirements are not met.

Test Deslign

The cross sectlon of basic columns, which ls on the 1/2 scale of
prototype, is 200 mm by 300 mm with the height of 1800 mm, and the cross
section of model columns is 100 mm by 150 mm with the height of 900 mm and
SO mm by 75 mm with the helght of 450 mm respectively. The specimens are
shown in Fig.1.

The aggregates and the reinforcements were equally scaled during the
manufacture of the specimens, and the additional load was appllied to the
specimens to simulaie the vertical load with different scale factors in
order to study the effect of gravity load on the dynamic behavior. The
similitude relationships are listed in table 1.

1. Assoc. Professcr, Institute of Eng. Struct., Tongjl Univ., P. R. China
2. Engineer, Institute of Eng. Design, Chengdu Branch, Academia Sinica
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Table 1

Similltude Relationships

requirements,
points,

stages.

scaling parameters - similitude requirements
strain Sc 1
stress Sc Sc = SE
modulus of elasticity SE S: = S,
polsson’s ratloe Su 1
mass densit S = /S
ss density Sp o 3 L
length SL SL
displacement S 5 =5
x X L
rotation S 1
B
- 2
area SA S‘ SL
concentrated force S § =58_§ 2
P P E L
line load S' S- = Sc SL
uniformly distributed force Sq Sq = Sc
moment S S =5 S 3
M ] oL
mass S $ =5 5 °
- » P L
stiffness S S =5 S
k k EL
damping Sc Sc = S- / St
time or period S s =(s rs )°°
t t a Kk
velocity S S =5 /S
v L t
acceleration € S =5 /8§ 2
] [ ] x t
* The scaling parameters refer to the rat.o of units between

prototype and model for a physical quantity, 1. e. SL = LP/ L- (

where L,' L. are the length of prototype and model respectively ).

According to the properties
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to study the behavior of reinforced concrete in the different deformation
The acceleration and displacement of the specimens were surveyed
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during excitations, and the strains of reinforcements and the surface
strains of concrete were measured as well. All the data were recorded and
stored in PDP 11/34 computer for further analysls.

Test Results

All the specimens underwent four stages from elasticity to faillure
during the whole tests.
Elastic stage When the peak value of input acceleration was very

low, the deformation of the specimens was very small, and the specimens
did not crack at all. The peak values of input and response are listed in
table 2, and the time history of acceleration response is shown in Flg. 2.

Table 2 The test results in elastic stage

specimen concrete vertical input response
No. strength (Mpa) load (kN) | accel. (g)| accel. (g)
Zz2-1 33.7 100 0.1367 0.2793
22-2 37.5 136 0.1095 0.1707
24-1 36.2 39.86 0.1719 0.3906
24-2 31.2 39.86 0.1663 0.2762
28-1 20.0 3.40 0.3031 1.0130
Cracking stage When the Input acceleration was increased, the

horizontal cracks appeared in the bottom of the columns, and the
deformation of the specimens was still small, and the crack width was also
very small. The test results in this stage are listed in table 3, and the
displacement time history is shown in Fig. 3.

Table 3 The test results in cracking stage

specimen No. input accel. (g) response accel. (g)
z22-1 0.2305 0.4823
22-2 0.2112 0.4047
Z24-1 0.3223 0.5899
Z24-2 0. 3450 0.5859
Z8-1 0.5230 1.7487
Reinforcement ylelding stage When the input was increased, the

cracks in the bottoms of the columns penetrated through the cross section,
a portion of concrete was crushed, and the reinforcements of the columns
were ylielded. As a result the deformation of the specimens became very
large. The test results in this stage are listed in table 4, and the time
history of acceleration response is shown in Fig. 4.

96



Table 4 The test results In ylelding stage

specimen No. input accel. (g) reponse accel. (g)
Z2-1 0.4414 0.7637
22-2 0.4028 0,6237
24-1 0.7810 1.0000
24-2 0.7470 0.9174
Z28~-1 1.0609 2.2727
Failure stage When the peak value of input was over 1g, the

specimens were swung severely; and the concrete ln the cracking zone was
crushed; and the test finally stopped. The test results in this stage are
Iisted in table 5, and the acceleration respnnse is shown in Flg. 5.

Table 5 The test results in fallure stage

specimen No. input accel. [(g) response accel. (g)
Z22~1 1.2110 1.6290
22-2 0.8036 0.9561
24-1 1.5800 0.8200
24-2 1.3320 0.8744
28-1 2.1434 2.771S

SIMILITUDE RELATIONSHIPS

For earthquake simulation of the structures, the dynamic similitude
relationships mainly Include the vibration frequencies of model and
prototype, the fallure mechanism of model and prototype, the restoring
force characteristics of model and prototype, and the resistance capacity
of model and prototype. Therefore in this research emphasis is put on the
dynamic behavior of model and prototype to study thelr similitude
relationships.

Frequency simllarity between model and prototype

According to similitude relationships the frequency of prototype can
be expressed as

fp = Srf_ . (1)
when the boundary condition of the model is the same as that of prototype.
But sometimes, the model condition is different from that of prototype.

Therefore the similitude parameter of frequency must be modified as
follows:

Sr = Bf sr,a (2)
0.5
Br = { Si't / Su,a ) (3)
where Sr modified similitude parameter of frequency;
Sfd deslgned similitude parameter of frequency;
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coefficlent concerning the stiffness difference caused by

the model’'s boundary condition; when the condition lis
identical, Bf = 1; when the model stiffness is larger

than it should be, 3r < 1; when the model stiffness 1is
smaller than 1t should be, Bf > 1;

Sll ¢ tested similitude parameter of stiffness;
L]
S. a designed similitude parameter of stiffness.
With expressions ( 1 ) to ( 3 ), the similltude parameter of

frequency 1s modified. The tezsted results and modified results are listed
in table 6.

Table 6 Frequency similltude parameters of model and prototype

similitude parameters errors { %4 )

specimen notices
No. designed |tested [modified |Ne modl. |modified

sr,u sf.t Sr ﬁn 3
22-1 0.366 0.436 0.448 16.055 2.752 |22-1/28-1
22-2 0.855 0.894 0.855 4,362 4.362 |22-2/24-2
0.893 0.864 0.893 3.356 3.356 |22-1/24-1
st 0.763 0.816 0.763 6.495 6.495 |22-2/24-1
24-2 1.000 0.946 1. 000 5.708 5.708 |22-1/24-2
0.313 0.412 0.383 24.029 7.038 |22-2/28-1
28-1 0.410 0. 504 0.502 18.651 0.396 |Z24-1/28-1
0.366 0. 461 0.448 20.607 2.820 |(24-2/28-1

From table 6, it can be seen that the modlfied Sr matches the tested
Sf,t very well. With the modifled Sr, we can obtain the prototype’s
frequency which can be used elither for dynamic analysls or for seismic
design of the prototype.

Failure mechanism similarity between mod--1 and prototype

The shaking table tests of five-set reinfcrced concrete columns show
that the crack pattern and failure mechanism of the models are quite
similar with that of prototype: all the reinforced concrete columns
cracked from the bottom of the columns; and when the relnforcement ylelded
the concrete at the cracked sectlion crushed; and finally the specimens
lost *n:ir stability because of the large deformation in the plastic
hinga, Therefore It is npossible te predict the fallure behavior of
protrniype with model testing.

Restoring force characteristics similarity between model and prototype

By means of system ldentiflcation to the test data, it can be seen
that the restoring force models of prototype and mocdel are qulte similar:
before reinforcements yleld the bilinear restoring force model can be used
to predict the seismlc response; after reinforcements yleld the trilinear
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mode]l with descending branch can be used to calculate the dynamic
response. The restoring force model is shown In Fig.6¢ and the comparison
of tested and predicted acceleration time history is shown in Fig.7.

Acceleration response similarity between model and prototype

Acceleration Is an important factor In the seismic deslign of
structures, therefore it 1s common to use the acceleratlon response to
evaluate the selismic resistant capacity of structures. From the
above-mentlioned flve-set model tests the following formula for predicting
the acceleration respanse of prototype can be cobtalned

A|.'o = Bl ﬂz '83 BO Al.l (4)
where B1 is the coefficlent concerning the material strength of specimens

and the stiffness of specimens as well as the depth of compression zone of
the column sectlon.

Bl =1-(1- BR / Bk ) El (1=1,2, 3 4) (5)

where B =R /R ; B =K /K ; where R and R are the materlal
R P [ ] k P [ ] P L]

strength of prototype and model, respectively; Kp and K_ are the stiffness

of prototype and model, respectively; 51 is the depth coefficient of

compression zone of the column section, Ei =1, 0.77, 0.4, 0.05 for the

four deformation stages according tc the above-mentioned tests.
82 =1/ B1 {6)

B2 1s coefficlient concerning the size effect of concrete.

d

0.5¢ + 0.697 WY V_ ~ h_ "y h_
B = d (7)
0.56 + 0.697

[ ]
0.423 Y S /h +h
m L ] -

where d_ ——— maximum lateral dimension of model column;
h_ ———— helght of model column;
V. —— volume of model column;
SL scaling parameter of length;
B, =S, si /s, (8)
B‘ =] - al (9)

where 31 ls the input error of the shaking table in percentage which can
be obtained in each test run i.

A. ¢ tested acceleration response of the model.

With expressions (4) to (9), we have calculated the acceleration
responses of prototype on the basis of model testing. The results are as
follows:

Predicting the response of 22-1 and 22-2 with model 28-1
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In this case, all the coefficlients are for 22-1 vs. 2Z28-1: ﬁl= {
0.5566, 0.6586, 0.8226, 0.9772 }; Bz = 0.939, 83 = 0.544; B‘ =1 - 6‘; for
22-2 vs. 28-1; B1 = { 0.56, 0.6612, 0.824, 0.978 }; Bz = 0.939; 83 = 0.4;
B‘- 1 - 8‘. The final results are llsted ln table 7 in which Amt is

the tested response of the prototype, Ap the predicted response of the

prototype, and 6o the error between tested and predlcted responses.

Table 7 Predicted response of 22-1 and 22-2 with model 28-1

Stages 1 11 I11
Specimens ZZ-I/ZE:ITéZ-Z/ZB-I 22-1/28-1122-2/28-1|22-1/28-1|22-2/28-1
Input|Am, t 0.3031 0. 3031 0.5230 0.5230 1.0609 1.0609

(g) |5 0.2060 0.1060 0.2340 =0.009 0.3070 0.0530
Am, t 1.0130 1.0130 1.7487 1.7487 2.2727 2.2727

Resp. |Ap.t] 0.2793 0.1707 0.4883 0.4047 0.7637 0.6237
(g) |[Ap 0.2304 Q.1302 0. 4505 0.4300 0.6685 0.6657
do 0.1700 Q.1100 0.0770 0.0620 0.1200 0.0670

Predicting the recponse of Z24-1 and Z24-2 with model Z8-1

In this case, all the coefficients are for Z4-1 vs. 28-1: g = {
0.58, 0.6766, 0.8320, 0.9790C }; 82= 0.9807, ; B3= 0.3491; B‘= 1 - 3
and for Z4-2 vs. Z8-1. ﬂl= { 0.511, 0.6235, 0.8044, 0.9756 }; Bz = 0.9807;
ﬂs = 0.3491; B‘ =1 - 6‘. The final results are listed in table 8.

Table 8 Predicted response of Z4-1 and Z4-2 with model Z8-1
Stages 1 Il I11
Specimens 24-1/28-1l24-2/28-1 24-1/28-1|24~-2/28-1(24~1/28-1|24-2/28~1
Input jAs,t 0.3031 0.3031 0.5230 0.5230 1.0609 1.0609

(g) |5y =0. 3860 -0. 360 -0.430 -0.470 -0.520 -0.500
Awm,t 1.0130 1.0130 1.7487 1.7487 2.2727 2.2727
Resp. [Ap.t 0.39%06 0.2762 0.5899 Q.5859 t.0000 0.9174

(g) |Ap 0.2776 ! 0.2410 0.5791 Q. 5486 0.9838 0.9388
3o 0.2900 I 0.1300 0.0180 0.064C 0.0160 0.0230

Predicting the response ¢” Z22-1 and 22-2 with model Z24-1

In this case, all the coefficients are for 22-1 vs. 24-1: B‘ =
0.9512, 0.9624, 0.9¢0S, 0.9976 }; BZ = 0.9781; 33 = 1.5944; B‘ =1 - 61;
and for Z2-2 vs. Z4-1: Bl = { 1.0254, 1.0195, 1.0102, 1.0013}; Bz= 0.9781;
33 = 1.17235; B. =1 - 61. The final results are listed in table 9.
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Table 9 Predicted response of 22-1 and 22-2 with model Z4-1
Stages I II IIl

Speclmens |Z2-1/24-1[22-2/24-1[22-1/24-1|22-2/24~1|22-1/24-1|22-2/24-1
Input [Am, t 0.1719 0.1719 0.3223 0.3223 00,7810 0.7810
-£§J 3] 0.1890 -0.046 0.1640 -0.062 0.0280 0.13%0
Am, t Q. 3906 0.3906 Q.5899 Q.5899 1.0000 1. 0000

Resp. [Ap. t 0. 4883 0. 4047 0.7637 0.6237 1.6290 0.9561
(g) lAp Q.4742 0.4189%9 Q0.7401 0.6387 1.5121 Q.8697
do 0.029¢ 0.0330 0.0310 0.0240 0.0720 0.0900

Predicting the response of 22-1 and 22-2 with model 24-2
In this situation, all the coefficlents are for 22-1 vs. 24-2: Bl = {
1.05411, 1.04166, 1.02164, 1.0027 }; Bz = 0.9871; 33 = 1.5944; B‘= 1 - ﬁl;
and for 22-2 vs. 24-2; B1= { 1.13634, 1.10498, 1.05454, 1.0068 }; Bz=
0.9781; Ba= 1.17235; B‘= 1 - 6‘. The final resuli¢s are listed in table 10.
Table 10 Predicted response of Z22-1 and Z2-2 with model Z4-2
Stages 1 11 111
Specimens [Z22-1/24-2|22-2/24-2|22-1/24-2|22-2/24-2|22~1/24-2|22-2/24-2
Input [Am, ¢ 0.1663 0.1663 0. 3450 0. 3450 0.7470 0.7470
(g) |81 . 1500 -0.077 0.2460 . 0040 -0.016 0.0897
Am, t L2762 0.2762 0.5859 . 5859 0.9174 0.9174
0

0
0
Resp. [Ap,t 0. 4883 0.4047 0.7637 . 6237 1.6290 . 9561
]
J

(g) |Ap . 3859 0.3876 0.7176 . 6448 1.4850 . 0098
do .2090 0.0420 0.0600 .0340 0.0880 0.0560

—

S o {0 10 |o

CONCLUSIONS

Based on the test results and similitude analysls as well as
calculation, the following conclusions can be drawn for the dynamic model
testing.

(1) The dynamic similitude relationships of prototype and model are
influenced by material strength, model design and fabricatlion accuracy,
boundary conditlion of model, lcading techniques as well as the mass ratio
of prototype and model. If these factors are effectively contrclled, the
model test on shaking table can be used to predict the response of
prototype with acceptable accuracy.

(2) The crack and falilure patterns of model and prototype are quite
similar; and the dynamlc restoring force characteristics of model and
prototype is alsc similar.

(3) The vibration frequency has good similitude relationships In
model and prototype. With expressions (1) to (3), the frequency of
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prototype can be obtalned.

(4) The acceleratien response of prototype can be predicted with

expresslons (4) to (9) although some of the similitude requirements were
ignored in the modeling. The test results show that the predicted
response and tested response matched in the acceptable accuracy.

(1]

[2]

[31

(4]

(5]
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PRELIMINARY STUDY ON DISTORTION AND MODIFICATION
METHOD FOR MODEL TESTING OF DYNAMIC
ULTIMATE STRENGTH

Zheng Wei”®

ABSTRACT

Based on the concept of Ideal Model and Real Model defined in this paper, the magni-
tude of distortion and gerenal modification method for model testing it presented. Particu-
larly for example, the distortion of gravity in the masonry building model testing of
dynmaic ultimate strength and its magnitude is analysed and modification method is ap-
plied to modify the results of two multiple—story masonry building models, tested on the
shaking table, in order 1o estimate the aseismic capacity of the prototype bulidings.

INTRODUCTION

Model testing is a practical method for realizing and predicting the responsce of proto-
type structure that is subjected to complicated loads. However, the extent to which the
model represents the prototype depends on the extent to which the parameters of model
comply with the resemble relationships. Although the resembile relationships educed from
the Buckingharm theory €. gre very clear, some difficultes will be found in making
and testing the modc] that complics with all resemble relationships. Hence there are always
distortions in the model testing, all that can be done is 10 control the distortion on the low-
est level, estimate adequately the distortion and modify it.

In this paper, resemble relationships are not discussed in details, only distortion and
modification method in model testing is concerned with,

IDEAL MODEL, REAL MODEL AND MAGNITUDE OF DISTORTIONS
In fact, the parameters, used to describe the structure, can be divided into two groups.

One group is composed of the known parameters, such as geometry size, strength of
materials, loads and so no, which can be defined as Characteristic Parameters, writlen in

* M_.Eng and structural engineer, Rescarch Department, Beijing Institute of Architectu-
ral Design and Research, Beijing, P.R.C.
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{P.} or P, for the prototype, and in {M,} or M, for the mode];

Ancther group is composed of the unknown parameters, such as critical strength of
structure, displace, pesk value of dynamic acceleration and so no, which can be defined as
Response Parameters, written in {P,} or P, for the prototype, and {M,} or M, for the mod-
el

The purpose of structure testing is to obtain the Response Parameters of structure sub-
x~ted to the effect of the Characteristic Psrameters of structure. When it is difficult to test
the prototype structure, we can translate the Characteristic Parameters of the prototype
structure, {P}, into the Characteristic Parameters of the model structure, {M_}, Through
tasting the model structure, we can obtain the Response Parameters of the model structure,
{M,}, then the Response Parameters of the model structure, {M,}, can be translated into
the Response Parameters of prototype structure, {P,}, which we expect.

The grocedurc above can be simply expressed as follows.

=151, - {P}, 1)
{M,}, = {F(M )}, @
(P}, =151 - (M}, Q)

Here, [SJy; ©or[S ) is the translation matrix, which is determinded by the rescmble re-
lationships and consists of the scaling parameters; F(M ) is the rule which both protstype
and model should follow. It shows that the Response Parameters of the structure is the
function of the Characteristic Parameters. This funtion can be explicit or implicit.

Restricted by real conditions, there is scarcely the model that complies with all resem-
ble relationships. For the sake of discrimination, the concept of Ideal Model and Real
Modeal is proposed as follows.

The model which complies with all resemble relationships can be defined as Ideal
Model, in which Characteristic Parameters are written in {M,}, and Response Parameter
written in {M,};

The model which complies with several, not all, resemble relationships can be defined
as Real Model, in which Characteristic Parameters are written in {M;}. and Response
Parameters written in {M,}.

In Distortions of the model, there are the differences between the parameters of the
Real Mode! and the parameters of the Ideal Model. If taking {AM_}={M_}-{M_}, then
the magnitude of Distortions can be represeated by {A M.}, and the parameter, {A
M,/ M_}, can be used 10 evaluate the precision of the Real Model.

MODIFICATION METHOD FOR THE REAL MODEL TESTING

Usually the tested model is the Real Model, which Characteristic Parameters is
{M_} = {M_}+{AAM_}, including the Distortion, {AM,}. Through testing the Real Model,
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the Response Parameters of the Real Model can be obtained as follows;

{M,} = {FM, + AM )}

Apparently, {M} is not the Response Parametcers of the Ideal Model, which should be
{M,} ={F(M,)}, the influence of the Distortion is included in {M}. Fig.1 shows the rela-
tionthips among Ideal Prototype, Ideal Model, Real Prototype and Real Model. So if we
translate the Response Parameters of the Real model into that of prototype, what we can
obtain is not correct Resopnse Parameters of 1deal Prototype, as we have expected, but the
Recsopnse Parameters of Real Prototype, which includes the influence of the Distortion.

4hrough Teerible fentionship

[ xtsde

E
Trovgh wiansi ;m;—r-lé
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Fig.] The relationships among Ideal Prototype, Ideal Model, Real Prototype
and Real Model.

In order to obtain the Response Parameter of the Ideal Prototype on the base of test-
ing of the Real Madel, the following modification method is proposed;
The Response Parameters of the Real Model can be expressed as;

{M} = {FM, + M)} “
The Response Parameters of the Ideal Model can be expressed as;
{M,} - {F(M.)} ()

If the difTerent, {AM,}, is eliminated from Formu.4, the Response Parameters of the

I1desl Model, {M,}, can be obtained. So Formu.5 can be changed as follows;
{M )= {FIM )} = {F(M_ +AM]+[-AM D} ={F(M]J+[-OM ]}

={F(M )} +[oF(M, /oM ]+ { - OM )}
~{FM )} - (oF(M_ 7 aM ) - {OM )
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Here [0F(M; /#M ] is a Jacobi M..ixis, which mcans the changes of Response
Paramecters caused by the unit changes of the Characteritic Parameters. If {F(M;)} is the
explicit function, it is casy to obtain this Jacobi Matxis; If (F(M;)} is not the explicit func-
tion, the Jacobi Mawxis can be obtained through a series of testing by changing some Char-
actenistic Parameters in some range.

In order to eluminate the concept and modification method above, the Distortion of
gravity and its modification in the masonry building model tested on the shaking table will
be discussed.

DISTRORTION OF GRAVITY IN THE MODEL TESTED ON THE SHAKING
TABLE

In the model testing on the shaking table, the scaling parameter of the dynamic

acceleration is as follows;

C. ()]
Cu=ZC

I I )

Here, C, is the scaling paramecter of geometry size, for small scale model, C,> 1, C, is
the scaling parameter of stress, for the model of non—liner ultimate strength, in order to
maintain the strict resembel relationships between model and prototype at any stage, the
property of materials between model and prototype should comply with the resemble rela-
tionships shown in Fig.2. For the mansory building model, it is difficult to find the
substitutive materials for the model, which can comply with the resemble relationships
shown in Fig.2. Usually the model materials is taken as the same as the prototype materials,
so C,=1; C, is the scaling parameter of density, it is difficult 1o raise the density of the
modecl, substitutive method is to add additional mass blocks into the model, but its amounts
is limited, usually C,>1/C,

o
———————— Gup
Co=Ce G
trp=Llm
Or
1 o
Ga ' '
i 1
] I
tp.tm Eue Tum t

Fig.2 The resermble relationship of the properity of materials between model
and proiotype.
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Restricted by above conditions, for the masonry building model of dynmaic testing,
C, <l

On the other hand, for the model of dvnmaic testing, the scaling parameter of gravity
acceleration, C,, should be the same as the scaling parameter of dynmaic acceleration, C,
that is C,=C,, so that thc ratio of gravity to dynamic force can keep the same between
model and prototype.

Hence, the gravity acccieration of the Ideal Model, g,, should be that
Bn=8,7C,=8,/C,=8/C,>1, here g, is the gravity acceleration of prototype, and
B=E

However, the tested model usually is in the same gravity acceleration as prototype, so
the tested model is A Real Model, in which gravity acceleration is that g_ =g, =g Thereis
gravity distortion in the model of dynamic testing. The magnitude of the distortion is that
ABa=8u—Bu=8 8/ C,=(1-1/C) g orAg / g.=Nga/g=1-1/C,.

MODIFICATION OF THE GRAVITY DISTORTION IN THE MASONRY
BUILDING MODEL TESTED ON THE SHAKING TABLE

Because the peak value of input acceleration at which the critical cracks occur in the
masonry buildings, which is written in Ay, for prototype and written in A, for model, is
an acceptable index of the aseismic capacity of the masonry buildings, the modification of
the influence of the distortion of gravity accecleration on the value of A;c in the Real Model
should be made in order to predict correctly the aseismic capacity of prototype building.

The modification procedure is as follows;

First, two assumptions are adopted;

1)The value of A or A_, is directly proportional to the crack—resistent strength of
the masonry building;

2)The crack—resistent strength of the masonry building is indexed out by the strength
that resists main tensile stress in the masonry walls,

According to chinese national ascismic building code(TJ-78), the strength of main ten-
sile stress of the Ideal Model of the masonry building is the following;

R =R, [14+2> ™)

R,

The strength of main tensile stress of the Real Model of the masonry building is the fol-
lowing;
. a,
R =R ' 1+ 'R—’ (8)
Here ¢, and u', is respectively the vertical stress in the Ideal Model and the vertical

stress in the Real Model; R, is the shear strength of mortar.
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Taking Aoy =cy~0y, La, is the magnitude of the distortion of the vertical stress in the
Real Model. Because the distortion of the vertical stress is caused by the distortion of the
gravily acceleration, and the vertical stress is directly proportional to the gravity

~ seceleration, the following relationship can be obtained;

A : ,

SHAE L, pg, =L -1/ Cue,
o, z z

If taking

R'-F(c,)-ﬂl +i-‘

s -

R =Fla)-R, [1

+ —
jhlj‘j

then .
. . (e, . 3F(e))
R =Flo,)=Flo,— Qe )=F(s,)+ - {(-Do)=R +———(- Do)
d'. [ ]
So ,
. aFi
AR, =Fa )~ Fo )= 2 pg e Ao,
aﬂ. ; g.
2 +R_

I

-—i—,Rl / I+— x(l—l/Cu)a -(I—l/Cu)——
2(R1+ai) R, AR, +0,) '

According to the assumption, Formu.6 and Formu.7, the distortion of the peak value

of input acceleration, A, can be obtained as follows;
. AR
AA_ -A —,-(l-l/Cu)— -
R 2(R +e))

The approximate peak valuc of input acceleration, A, at which the critical cracks occur
in the Ideal M'odel of masony building, can be obtained as follows;

A =4 - DA -

me

According to the resembel relationships, the peak value of input acceleration, A, at

which the critical cracks occur in the prototype masonry building is abtained as follows;
A =Cud_ =Culd_ — DA )

Taking de —(1—1/Cui—2  then A w=Ad —AA_ =(1+DA
Z(R +’) ne ne me -me

So A =Cud_ =Cu(l+14,

Taking the two multi-story masonry building models, tested by author on the shaking
table in Tongji University €9 this method is applicd to predict the ascismic capacity of

;e
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prototype building.
The basic resemblie and the scaling parameter of the two model arc shown in Table 1,

Table 1
category
scaling

parameter rcsemble the value of the value of
relationship Ideal Model! Real Modeld

G, C 4.00 4.00

Cc, C, 0.2s 0.769

C, C, 1.00 1834

Cyy C, 1.00 1.549

C, L ORI o o 1.00 0.59¢6

The basic Characteristic Parameters and experimental resulis of testing on the shaking
table are shown in Table 2;

Table 2
category
Model c R, T ,,; A,
* (kg /cm?) | (kg/cm?) @®
—
I 0.596 0.602 1.620 0.336
I 0.596 0.602 0.667 0.420
The modification procedure and modified results are shown in Table 3;
Table 3
category
Prototype - - -
C, a A,=CA, A =(1+4)CA,,
0.596 | 0.247 0.200g 0.250g
0.596 | 0.178 0.250g 029 1

Note; A'_—the peak value of input acceleration st which critical crack occur in the prototype build-
ing, not taking distortion into accounts.

From the analysis above for the masonry building model tested on the shaking 1able
with the distortion of gravity acceleration, the conclusion can be made that if the influence
of distortion of gravity is not taken into accounts, the aseismic capacity of prototype
educed from the experimentsl results of the Real Model is lower and on the safe side.

REFERENCES

(1)  Wang Guangyian, The Vibration of Engineering Structure, P.R.C.

112



Q3
[€)]

(41

Harry G. Harris, Dynamic Modeling of Concrete Structure, U.S.A.

E. Fumagalli, Statical and Geomechanical Models, Springer—Verlag / Wein 1973,
Ttaly.

Zheng Wei, Indentification for the Mathematical Models for the Unreinforced Con-
crete Bolck Masonry Building with R.C.Frame At the First Story and Estimation of
Its Ascismic Capacity, The disseriation for the degree of E.M., Tongji University,
1988, PR .C.

113



DYNAMIC MODEL TEST STUDIES OF PILE SUPPORTED PIERS

INCLUDING EFFECTS OF BANK DEFORMATION

Wu Zaiguang', Han Guocheng®and Zhang Dongfeng®

{ Dalian University of Technology )

ABSTRACT

Presented in this paper are the results of dynamic model tests of pile supported
picrs which arc performed on the large scale shaking table. The main objects of test
studics arc inquire into failurc featurc and mechanism of the piers under dilTerent
deformation of the bank slopes. Additionally, dynamic characteristics under
microvibration are also measured for some piers.

INTRODUCTION

During the Tangshan carthquake of 1976, some pile supported picrs located in
Tianjin area suffered damage to varics extent, An carthquake damage survey shows
that seismic induced bank deformation is one of significant factors which bring
about failures of the piers. Since the aseismic research of pile supported pier in-
volves the dynamic interactions of water, soil, pile structures and retaining wall, it
is & very complicated subgct. Up to the present, a few of research works have been
done. Gao, M. [1] conducted a scries of dynamic model tests of piled piers and
mainly studied the dynamic characteristics under microvibration. Gao, G.Y. [2] al-
so performed similar discusses by means of the tests of prototype piers. At the same
time, other researchers [3] presented the ascismic analysis for piled piers. But
summarily speaking, the studies were concentrated on linear elastic vibartion of the
piers. The {urther rescarch for failure of the piers under strong earthquake is ur-
gently required. In this paper, we regard the model piers as the obget of studies,
syslematically investigate the effects of permanent deformation of the bank slope

1. Doctor, Dalian University of Technology, Dalian, P. R. China
2. Professor, Dalian University of Technology, Dalian, P. R. China
3. Master, Dalian University of Technology, Dalian, P. R. China
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under macrovibration on failure of the piers, and give the relevant conclusions and
propositions.

MODEL DESIGN AND CONSTRUCTION

The model tests are done by mean of the seismic—simulation shaking table
which has size of 3 = 3 m , load camrying capacity of 10 ton , and maximum hori-
zontal exciting acceleration of 1000 gal. The model piers are construction in a steel
container (4 * 1 * 1 m ), which is rigidly fixed upon the shaking table and
mounted a plexiglass plate only on one lateral vertical face.

The model simulates a typical beam—slab wide—platform type pier at Tianjn
port. Based on load carrying capacity of the shaking table, the geometrical prapor-
tion of model is taken as 1/ 30. Each model pier contains 3 bents, and each bents
has 2 fork piles and 12 vertical piles which is concrete squre ones with the
cross—-section of 17 * 17 mm. Four kinds of materials are sclected to construct
homogeneous bank slopes, i.e., plain concrete, gravel with mean grain diameter of
10 mm , beach sand and silt. The concrete bank is rigid and no bank deformation.
Other three kinds of bank slopes are constructed by soil—fill in water and difTerent
bank deformations will take place under strong vibration. Two types of retaining
walls, linked the platform with the heaped area, are used, i.e., gravity grain concrele
wall and light steel counterforted wall. The profile of model pier is given in Fig. 1.

RESONANCE EXPERIMENTS

In order to get a clear understanding of the influence of dilTerent material
bank slopes on the free vibretion characteristics of picrs, we respectively performed
the resonance tests for four piers. Piles, platforms, and retaining walls in these piers
are same, only bank slopes are different. In the experiment, the shaking table excits
the models in the form of micro—amplitude simple harmonic motion, the amplitude
of which is 15 gal and frequencics change from 5 Hz to 45 Hz. The resonance curve
of the model are measured and the dynamic featurces are obtained from the curves.
The final results are given in Table 1, in which, f,represents the foundamental fre-
quency of vibration, f,is the enlargement factor andg jis the damping ratio. From
here, we can summrize following conclusions: I). The free vibration characteristics
of pilc supported picrs greatly change with the stifTness of bank slopes, when bank
stifTness increascs, the foundamental frequency of pier rises and the enlargement
factor increses. 2). The foundamental frequencies of fore platform and rear plat-



form are equal, which shows that pounding between them don’t occures under
microvibration. 3). Besides the concrete bank, for other three deformable banks,
the foundamental frequencies of the piers are almost equal to ones of the banks.
Obviously, since the most part of piles are buried in the soils, intense vibration of
the piers is easily excited at the foundamental frequency of the bank slopes.

DYNAMIC FAILURE EXPERIMENTS

THe abjects of the tests are to investigate the basic feature of dynamic failure
and to comprehend the failure mechanism. In the failure experiments, the simple
harmonic vibration with lincar increasing amplitude are taken as the iupul
motions, the frequencies of which are retained at the foundamental ones of the pier
and the amplitude of which increase at the rate of 80 gal per minule until the seri-
ous failures take place. Through the preparatory tests, the final loading
accelerations of the shaking table are determined as: silt bank 300 gal, sand bank
350 gal, gravel bank 420 gal and concrete bank 1550 gal. In order to undersstand the
failure cases under different loading periods, the method of the piece wise loading
are used in the tests.

1. Pier Failure with Concrete Rigid Bank Slope

Obviously, no permanent deformations engender in the bank slope for this
type of pier. The failures of pier prodominantly come from the action of
earthquake inertia force. Fig. 2 gives the amplitude curves of response and input
accelerations. From this Fig., it can be seen that in the peniod of initial loading, as
exciting intensity of shaking table increases, the response amplitudes of the plat-
forms increase, but when the amplitude of input motion excecds some value, the re-
sponses gradually decrease alone with the increments of input motion. The maxi-
mum response acceleration of the rear platform is 550 gal when the exciting
acceleration reaches 155 gal. At this moment, the fractures are observed on the pile
No. 7 and 8, the locations of which are at the fixing point on the bank surface.
Continuously, when exciting intensity increases to 410 gal, the maximum response
acceleration of the fore platform reaches 720 gal. Then, the fork piles begin (o {rac-
ture at the location near pile caps. As the piles break one by one, the responses of
platforms reduce seriously. Until the amplitude of input motion comes into 1550
gal, the platforms tend to completely collapse, and then the test stops. Based on
above test phenomena, two initial conclusions may be drawn: 1). The aseismic ca-
pability of the pier with concrete rigid bank is very strong because of no bank
deformations. The whole instability of the pier shouldn’t happen until the
earthquake force exerted on the pier achieves considerably strong value. 2). The
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horizontal carthquake inertia force isn’t fully supported by fork piles. The fractures
firstly occur at vertical piles of rear platform, and after fork piles of lore platform
breaked, the platformes can also bear a number of inertia forces. These facts show
that vertical piles must undertake horizontal earthquake force,

2. Pier Failure with Gravel Bank Slope

Besides earthquake inertia force, the bank deformation is also a important fac-
tor causing the failure of this type pier. Fig. 3 gives the amplitude curves of re-
spons¢ and input accelerations. The input acceleration reflects the intensity of
ground motion and the response accelerations embody the action of inertia force.
Here in, it can be found that when the input amplitude comes into near 125 gal, the
maximum response amplitudes of the platforms appear and are respectively 340 gal
and 420 gal for fore platform and rear platform. Comparison with concrete rigid
bank pier shows that at initial failure, the amplitude of input motion reduce from
155 gal to 125 gal, the response amplitude of fore platform decrease from 720 gal to
340 gal and rear platform from 550 gal to 420 gal. Obviously, the carrying capacity
of the gravel bank pier reduce seriously than concrete bank pier, not only for the
input motion but also for response inertia force. The reason should be the effect of
bank deformation since piles, platforms, retaining walls, etc., are fully same for two
types of piers. After initial failure, as the exciting intensity increases, the responses
of platforms decrease gradually. Fig. 4 is the deformed pier profile when the input
acceleration of shaking table reachs 250 gal. Fig. 5 gives the final deformed profile
near completely collapse. At present, the input amplitude is 420 gal. Fig. 6 shows
the bank horizontal displacement process alone with increment of input motion
amplitude. By summarized above test results, the following points can be drawn:
1). The initial fractures of rear platform piles are mainly effected by the carthquake
inertia force and the most breaking locations are near 9 ¢em under bank surface,
whilc ones of fore platform piles result from combined actions of bank defermation
and inertia force, the breaking points mostly appear near pile caps. 2). The further
failures of the pier are predominatly influenced by bank deformations, not onty for
fore platform but also for rear platform. 3). When there are the bank deformations
in the picr, although the deformations are not intensive, it can also make the
ascismic capability of pier reduce seriously. Comparing with the concrele rigid
bank pier, the final carrying capacity of deformabie gravel bank pier decreases
from 1550 gal to 420 gal.

). Pier Failure with Sand Bank Slope

The failures of sand bank pier are similar 1o gravel bank pier but it is more se-
vere duo to larger bank deformations. The input and response acceleration
amplitude curves are drawn in Fig. 7. Figs. 8—9 give the deformed pier profiles
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respectively at shaking table input acceleration 250 gal and 350 gal. At the same
time, the horizontal displacement curve of the bank slope is also shown in Fig. 6. In
fact, at the initial failure, the pier's carrying capacily to ground motion is only
about 80 gal, the maximum response accelerations arc respectively 170 gal and 325
gal for fore and rear platforms. The initial breaking points of rear platform piles
mainly occur about 13 cm under bank surface, which shows the action of inertia
force. But the initial fractures of fore platform piles mostly appear near pile caps,
which is action result of bank deformation. Continuously loading, the new frac-
tures of rear platform piles are obscrved ncar the pile caps and under deeper soil
layers, and also, the old breaking points take place stagger displacements owing to
the actions of inhomogencous soil pressures. Mcanwhile, the fore platform happen
similar failure. Comparison between tow displacement curves in Fig. § shows that
the deformation of sand bank is evidently larger than gravel bank, therefor, the
failure extent under same input amplitude is also more severe, which is reflected by
Figs. 8—9. The final aseismic capability of sand bank pier decrease again than grav-
¢l bank picr, from 420 gal 1o 350 gal.

4.  Pier Failure with Silt Bank Slope

Comparison with sand bank pier shows three different points: 1). The settle
ment of bank is larger while the horizontal sliding motion is slightly smaller. 2).
The most breaking points of piles appear near the pile caps, fractures in the soil are
minority. 3). The horizontal and vertical displacements of the bents are larger,
which obviously reflects the weaker effects of friction and support of silt on the
piles. Fig. 10 gives the input and response acceleration amplitude curves. Fig. 11 is
the final deformed profile of the picr near instablity. It can be found that at the ini-
tial failure the response accelerations of platforms are only 220 gal, the action of
bank deformation is more notable. The final input acceleration carried by the pier
already reduces to 300 gal. The ascismic capability is the lowest in the four types of
piers.

SUMMARIZATIONS AND CONCLUSIONS

The practical earthquake damages of pile supporied piers show that its
ascismic capability nceds to raise still further. But because of the complicaty of this
problem, it hasn’t been satisfyingly solved up to the present, not only from theoret-
ical analysis but also from model test. In this experiment, we use loose soil me-
diums to construct the bank slopes and build the model pile supported piers.
Through the tests, we preliminarily investigate the pier’s dynamic characieristics,
failure mechanism, main influence factors, ete. Some new phenomena are revealed.
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From Lhe resonance experiment, we can found that the dynamic features of
pile supported piers are predominatly conditioned by the dynamic characieristics of
bank slopes. Threrfor, when we determine some pier’s dynamic fealures, we must
firstly understand the bank’s dynamic characteristics.

From the failure process and mechanism analysis for above four types of piers,
we can say that the main reasons causing dynamic failurcs of pile supported picrs
are combination actions of bank deformation and earthquake inertia force. For the
bank with stonger stiffness and higher density, the failures of pier are
prodominently caused by scismic inecrtia force, the carrying capacity of pier o
ground molion is more intensive. On the contrary, for the bank construcied by sofl
soils or liquescent sands, the bank deformation is the most faclor leading to the se-
vere [ailure of pier, the ascismic capability of pier is lower because considerable
bank deformation will occer under the action of weaker earthquake motion. As
comparisons, the input and response acceleration amplitudes for four types of picrs
al the initial failure are summrized in Table 2. At the same time, final input
acceleration amplitudes are also given in Table 2. Clearly, when the bank slopes
change from rigid concrete to deformable joose soil mediums, the carrying capacity
of pier to ground motion reduces by more than one—~half at the initial failure, the
actions of inertia force to picr failure greatly decrease, and the carrying capacity at
final instability almost reduces by eighty precent. Therefor, the most elfeciive
measure raising ascismic capability of pile supported picr is to decrease bank
deformation under earthquake motion.
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Table 1 Dynamic Characteristics of Model Piers

Bank Fore Platform Rear Platform Bank slope

Forms fl (HB) Bl 61 fl (HZ) B) El fl (He) Bl

Silt 13 | s.qo.csf 13 | 9.69 o.o7q 12 |3a.30

Gravel 17 |11.070.068 17 ]13.8000.063 18 |4.21

oncrclq 26 11.08 0.020 26 15.65 0.031

Table 2 Failure Acceleration Amplitudes (gal)

Initial Failure Final Failure
Bank
Fore Plat form Rear Platform Shaking Table
Forme
Shaking | Plat-| Shaking| Plat-
Table form Table form
Cancrete 410 720 155 550 1550
Gravel 140 340 125 410 420
Sand 7% 370 87 325 350
Silt 100 275 87 215 300
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SIMULATED ROLLING LOADS UNDER LABORATORY CONDITIONS
by

Frieder Seible

Professor of Structural Engineering
Department of Applied Mechanics and Engineering Sciences
University of Califoria, San Diego
La Jolla, CA 92093-0411

INTRODUCTION

Internal forces and deformations in highway bridges under moving vehicle loads can be
far greater than those due to the same loads applied statically. The analysis of short and
medium span structures subjected to moving loads is complicated by the uneven riding
surface, large mass of the moving vehicle relative to that of the bridge structure and the
interaction between the motions of the bridge and the vehicle suspension. The impact
of moving loads at various speeds and their interaction with the dynamic characteristics
of bridge structures are only empirically accounted for in the bridge design process.
Investigations of different truck suspension systems and their influence on the
structural response of a bridge are very difficult to perform experimentally and require,
typically, prototype field testing with all associated environmental and ambient noise
problems. On the other hand, large or full-scale testing of bridge structures or
components under controlled laboratory conditions typically substitutes traffic loads by
stationary point loads neglecting dynaric vehicle-structure interaction effects.

The objective of the current research program was twofold: (1) to develop a test
method for the simulation of fatigue type loads such as rolling traffic load cycles
experienced in an actual bridge structure, and (2) to calibrate numerical models in
conjunction with experimentally obtained dynamic response data to study the behavior
of bridge structures under rolling loads inclusive of vehicle-structure interaction effects.

The recently completed servo-controlled multi-actuator system at the Charles Lee
Powell Structural Systems Laboratory at the University of California, San Diego
(UCSD) (1] permits the simulation of rolling traffic type loads through a series of
computer controlled actuators along the length of the bridge structure. In the following,
the development of a test methodology and associated test method for application of
rolling traffic loads under controlled laboratory conditions is described. The developed
test method was extended to include vehicle-structure interaction effects by modifying
the load history input forcing functions based on numerically evaluated interaction data.

As part of an ongoing research project with the California Department of
Transponation, a 11 ft-6 in. wide, 56 ft long section of an existing 25 year old
cast-in-place reinforced concrete T-girder bridge was brought from Fresno, California
to the Charles Lee Powell Structural Systems Laboratory at the University of
California, San Dicgo for full-scale investigation of different repair and strengthening
measures [2]. The following paper discusses the simulation of .olling loads on the
deck of this bridge section utilizing & time-programmed series of servo-controlled
actuators and paralle] and interactive numerical studies of the dynamic response to
moving loads at various speeds.
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EXPERIMENTAL ROLLING LOAD SIMULATION

The overall experimental test setup is shown in Fig. 1. The main components are
(1) the full-scale prototype bridge test section, (2) the loading frame tensioned to the
test floor, and (3} the three servo-controllied hydraulic actuators arranged in a series
along the length of the bridge at midspan and the quarter points. For the rolling load
simulations, the full-scale bridge section was tested as a simply supported structure.
Instrumentation of the bridge specimen consisted of LVDT's for deflection
measurements along the length of the bridge structure and load cells under the simply
supported diaphragms. The hydraulic actuators featured feedback-controlled load cell
readings and internal LVDT measurements to assess bridge structure and load frame
deformations.

The fundamental dynamic response of the test specimen was determined from forced
vibration tests at 10.65 Hz [2]. Frequency response functions were obtained at discrete
locations in the structure from a random excitation with a 30 pound Acoustic Power
System's seismic, low frequency, long stroke shaker, placed at an off-center location
on the bridge deck. The excitation location and the response stations are seen in Fig. 4.
Table 1 presents the dynamic response characteristics of the Gepford Overhead bndge
section.

Table 1. Gepford Overhead Bridge Section - Modal Parameters
(Simply Supported)

Mode Frequency Damping Characteristic
Hz %
1 10.65 1.59 Bending
2 21.79 1.29 Torsion
3 30.43 1.38 Bending

The load was applied using three 220 kip MTS servo-controlled actuators reacted
against the four-column structural steel load frame. The three actuators were positioned
10 load at the south quarter, center and north quarter points of the bridge span,
respectively. Each load was in the form of a single point load, applied midway
between the girders representing a wheel load, using an 8 in. by 20 in. elastomeric pad.
To determine the stiffness characternistics of the bridge section, the AASHTO-83 HS-20
basic maximum wheel load of P, = 16 kips, without impact allowance, was applied
independenty with each of the three actuators and the cortesponding deflections at the
quarter points and midspan were recorded. A conditioned symmetric stiffness matrix
system was obtained from the flexibility measurements of the 3 DOF system.

The initial test objective was to simulate rolling loads of constant speed which can be
represented by discrete mangular loading functions in time for the three actuators as
shown schematically in Fig, 2.

A preload of 1.5-2.0 kips was applied on the bridge section with each of the three

actuators, and rolling load was simulated by the application of load with time as shown
in Fig. 3a for a speed of 30 mph. the triangular load input ensures linear vaniation of

124



PPOJA drweuiq 40d-€ T OIA

~-m
—e
-

o e

-
b
L o

Ol Ol Ll Ol

dnyag 353] peo] dunoy ‘1 OIA

=
4
L
R
2
d
I

125



(ydwt gg = 2) (ydw gg = paadg yonaj)
3Yoad KINO[IA PIRI1I0]) pue [enu] ‘p HIA sayoud £INOPRA pue peo ‘€ DI

-

08s)
A S QCL_M sw. & Apoma (1) swy s2 QoA (;) oW sA AQuoowy, (3
mo @O .VO NO OO ~ (008 swn . AoOa our, . (o08 swr._
T T U S SN O n,.mn.oa.vnrnm.u ‘.mn,o *nrnlh.‘. n.moooano{m,
J—‘ _ i 1 1 4 | ' ' H ) “ t
UOI}08.1400 JOYD — — — o Eo Pootor, _ T S X 1
| uonRo9’.U0Y 8J048Q ! L | I . PoE “ ) . A . I Pt
_ i L L jezd H . oz€ ; | wo~m..
. < < . <
_ ! 1 o Codeee b i e
i ? torz I ) 0rT . I rocs
| -0l Lo A R
‘ A ek el tord
_" _ i | T R VAR /S A
| L ! Posos Lootes Ctos
_ : b c Co , oo
_ 8 : - 09 <09 <09
_ _ u PWL §/ DPDCT T JMUBD (LIGWL 8 DDC™ JC JOIUeT (®)BWL SA PDO” JO JNURD (Q)
- ON < {o0s) wwr [CLDRE I (08} swr
) n.;womzwn no_vn.,mnom..nwnn vn.m(mmzuon e
b —_ ' I F0.& 7
o SR N
o @] “ w T o .3 | ; ! w =
- ~ i / 12 S Y AR 1 T B boomsif
< V O T A SO R B SRR Y
i ; ] * = ¢ ; -3 i ; ' =
A : I s ) [ N
Tom,\ln?./ ,_ \ X 1845 _ v | ~0te , / ; “ou.m
-~ H ; i [ (. [ ' J ! [
S R A S T I A S S VA |
b €] ! [ 414 ! i/ 1 (414 ; i r$T
1)) : / I e f vy : ﬁ T _\ ) [ =
- 0 X 1/ 1 W R i \: ) ! -~ ) ' b o~
i, 1 L] ! 1
- L/ o L—t Lor L L or
~ O.v Wi A DOON vo_aQ( (8) ewl sA poon peyddy (p) ewr 84 DOOT vo_ac« ()
(oes (o8 swr (ons
o o—oom - o;o.oon‘qnuooo nwnoo
o r
- $ iz 8
2 1 E
i : %
-0C T i® 7
| e ro€
b mo_.\l
o -4 %
g i
- < by ™
3

-

09 Lot

126



uUoU. Gr. = Daeog won. (B}

uonedyIduy
uonaaYa( uedspiy Nweui(] jo uosieduio) 9 Hy4

UEa. Df = bapOS wor. (3

©
o

ueyasjjep POINOLLIOU

=2 ‘uDRZ20 B0 S/% 140050 POO
o §C ez ¢ TC co_, [ ET eCc +vC c'C oC .
3 ; - e [ C ; o
b - TOTIDL 1.1 p— \n - ‘s JCIUPLUBENE e
X coupumt . F o, ' LWL ame- B,
v BRI Togr ey - ] £ 18JCR. a—e—t [ .
§ . - )3 -£C | ) £ -¢C
: : . T, &y e T 5
.r ; S SRR T Pl 2
- -3 . & cor3
€ * TR e oL TTE
.l\;..f. F) T t SR R
- + . o - L3
P i a ® .0&0 . &
-EC . e -
IS SN AT S S S [
Iy - - £ - —_
[ & ; : a
e A ) < /‘hm- . " c
~~ P -Ihe -7.9
~See H : 3
- .
- B 1 -
-5 =%l
! . .
£ .
WOl DG = DEROS ¥IrL (Q oW Jf = DBSIG WORU_ (P
- /1 'Lenzao; poo =.'¥ ‘uopcao; poo
. 0 sC r0 T CI_ e gt el 0 0 CO
e . ..\0 e & - . ¢ C°C
" 3T WILY-1{ gp— - ¥ [TV ITENT | R
TS er Yo T . I . leogswmu . K|
. B " + N I v
., ,_ e -en k,', \ [ P I Cltle\ - ce
f r . ,. - ; Y )
P LAy poy ! - F ﬂ
. N S Y y
: 'y - r
_ ﬂ
"

uolIs)ep peZYOUNIOU

speo] 3uiopy

oy
o]
)
~t

O
&
&)
(8]

[N St A St sl St Satil Sl

40} SU0NIIYI( WedSPIW PITIBULION [BXLRWNN *§ D]

UoI|I3|§ap pa’ybuIou

127



the center of load action between the south and north quanter span points, and hence
results in constant velocity between the quarter span peints. On application of load at
the south quarter point, there is a loss of load at the other loading locations (Fig. 3d)
due to the deflection of the bridge section at those points. Hence, an iterative process is
resorted to whereby a correction is applied to negate the loss of load. Figure 3 depicts
the ideal input (a-c), the input without (d-f) and with the correction (g-1) for the loss of
load at the three loading sections. Part of the load deviation is also caused by the
flexible load frame which requires large actuator movements for small load changes. It
is observed that the higher the ruck speed, the more difficult it is to attain the triangular
load output. This is the result of physical limitations of the hydraulic actuators to
follow the input time-history for shorter time periods. It can be seen that for the region
between the quarnter span points of the bridge structure, a fairly uniform velocity profile
can be obtained experimentally. The experimental velocity profile could be improved if
(1) a larger number of actuators along the length of the bridge structure is used, and
(2) a stiff load frame which can eliminate the excess actuator travel is employed. The
velocity is calculated every two-hundreths of a second and a fourth degree polynomial
curve fit provides a good approximation of the measured velocity profile. Figure 4
presents the actual measured velocity profile before and after correction, as well as the
fourth degree polynomial curve fit for the simulated 30 mph truck speed shown in
Fig. 3. The measured midspan deflection due to the loading divided by the midspan
static deflection under the load concentrated at midspan yields the dimensionless
normalized midspan deflection. The normalized midspan deflections from the
experimental simulation of a 16 kip wheel load moving at various speeds is shown in
Fig. 6 together with analyucal and numerical predictions.

For general interpretation of results, the truck speed can be related to the dynarmic
bridge response characteristics. Thus the ratio of the frequency of the bridge structure
to the loading frequency can be expressed as

where gadine 15 Eiven by the vehicle speed V divided by the span length L. Thus
truck speeds of 30, 60, 90 and 145 mph, with loading frequencies of 1.1, 2.2, 3.3 and
5.32 Hz, have P values of 9.67, 4.83, 3.22 and 2, respectively.

ANALYTICAL, NUMERICAL AND EXPERIMENTAL
RESPONSE COMPARISON

To evaluate the obtained experimental rolling load amplification characteristics, the
experimental results for various ruck speed simulations were compared with closed
form analytical response characteristics obtained using Timoshenko's simply supported
beam under rolling load equations 3] and a numerical 3 DOF model, see Fig. 2, with
experimentally calibrated suffness and mass charactenstics.

The 3 by 3 stiffness matrix was obtained from flexibility measurements on the bridge

section. Using the first two measured fundamental frequencies and the condition of
symmetry, m, = mjy, the diagonal mass matrix M is obtained by solving the equation

2 _
K—wa =0



The 3 DOF system was analyzed for the triangular loading (constant velocity) for
various speeds using the computer program CALSD-EDSET [4]. As can be seen in
Fig. 3, the load in the numerical model is at a constant velocity only over that portion
of the span from the south quarter point to the north quarter point, unlike the constant
velocity along the span length assumed in the Timoshenko closed form solution. In the
numerical 3 DOF model, the ideal velocity profile for the actual experiment was selected
as the forcing function, see Fig. 2. Thus, the numerical model corresponds closely to
the experimental test and is in fact calibrated using the experimental test setup and can
therefore be directly used in an interactive testing procedure. Figure 5 depicts the
normalized midspan deflection due to a wheel load of 16 kip moving at speeds of 30,
60, 90, 145 and 290 mph (B = 9.67, 4.83, 3.22, 2 and 1, respectively). Again, similar
to the theoretical solution, the B ratio is evident in the normalized deflection plot.

Figure 6 compares the theoretical and numerical prediction of normalized midspan
deflections with the experimental simulation of moving loads at 30, 60, 90 and
145 mph (B = 9.67, 4.83, 3.22 and 2, respectively). For each speed it can be
observed that the numerical and experimental peak deflections occur at the same span
location for the wheel load., and the discrepancies in the displacement response toward
the quarter span points can be attributed to the deviations in the velocity profile at those
locations. Table 2 summarizes the dynamic magnification factors for the Gepford
Overhead bridge section for a rolling load truck weighing 16 kips moving at speeds of
30, 60, 90 and 145 mph, respectively. Table 2 shows the variation of the dynamic
displacement magnification with the frequency ratic P and compares the values
obtained from the experimental simulation to those obtained from theory and numerical
solutions. The close agreement in the magnification factors validates the empleved
experimental procedure. Small differences with respect to the theoretical deflections
can be attributed to the assumption of a constant cross section for the entire bridge and
the complete rolling load path over the entire bridge length.

Table 2. Comparison of Dynamic Displacement Magnification Factors

I Freq. Ratio § Truck Speed | Theoretical Numerical |Experimental
(mph)
9.67 30 1.05 1.03 1.04
4.83 60 1.09 1.03 1.06
322 | %0 1.17 1.15 1.15
2.00 I 145 127 121 1.25

VEHICLE STRUCTURE INTERACTION EFFECTS
Timoshenko [3] developed expressions to determine the load applied on roadways due

to vibration produced by the contours of the vertical road alignment. The road contour
is assumed to be represented by the equation
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h 2rx
y=3 (1 — COS —!—)

where £ is the wave length, h is the permanent deformation of the deck surface, and
x and y are the horizontl and vertical coordinates, as shown in Fig. 7. The
additional load AP on the road due to the vibration assuming the entire truck weight is
sprung and incorporating vehicle suspension is given by the relation

kh12

AP =-—2~————1—3 coszﬁx—t—coszjit
1'%‘1] 11 12

where

¥ = constant velocity of motion along the horizontal axis x

k = spring stiffness

P = wuck sprung weight (W, =P, W, =0, see Fig. 7)

1, = 2x+(P/kg) = natural period of vibration of sprung weight
T, = (&/V) = time necessary to cross the wave length 2

Two cases were simulated using the experimental setup described above for a truck
speed of 60 mph. The first case assumed a spring stiffness of 8 kip/in. and the
permanent deflection at the center of the bridge of h = 0.5 in. The second case
assumed & fictitious stiffness of 0.1 kipfin. and a permanent midspan deflection of
h = 20 in, to match first mode shape of the structure. Figures 8a and b indicate the
additional load applied due to the surface unevenness and truck suspension for the two
cases stated above. Figure 7 compares the 3 DOF numerical prediction of normalized
midspan deflections with the experimental simulation of a truck speed of 60 mph with
and without any vehicle-structure interaction effects for the two cases mentioned above.
Table 3 summarizes the dynamic displacement magnification factors obtained from the
experimental simulation and those obtained using the numerical model prediction. It is
observed that the close agreement between the magnification factors validates the
employed experimental procedure. The ratio of the frequency of the bridge to the
frequency of the vehicle is denoted by_B* and the ratio of the frequency of the vehicle
to the loading frequency is defined as . Hence
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It should be noted that in case 1, the vehicle-structure interaction actually counteracts
the dynamic magnification effects, while case 2, which was selected to maich the
fundamental mode shape of the briclge, shows the expectea riagnification.

Table 3. Comparison of Dynamic Displacement Magnification Factors
Due to Vehicle-Structure Interaction Effects (f = 4.83)

B Numerical Experimental
o0 1.040 1.060
6.32 0.997 1.001
0.71 1.150 1.175
— —
CONCLUSIONS

This paper summarizes the experimental simulation of rolling loads with the time-
programmed series of serv.-controlled actuators at the UCSD Charles Lee Powell
Swructural Systems Laboratory. Forced vibrations tests were performed to obtain the
fundamental frequency of the bridge section. The theory of moving loads on a simply
supported beam developed by Timoshenko was reviewed and numerical studies using
the 3 DOF model described. Close agreement was observed in comparisons of the
results obtained from theory and numerical studies to those obtained from experimental
simulations. Simulation of rolling loads incorporating various truck stiffness and the
unevenness of the road surface and the vehicle-structure interaction is not possible
using the described interactive procedure.
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GENERATED SEQUENTIAL DISPLACEMENT PROCEDURE FOR
SEISMIC TESTING OF STIFF MDOF SYSTEMS

Frieder Seible

Professor of Structural Engineering
Department of Applied Mechanics and Engineeri.g Sciences
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La Jolla, CA 92093-0411

INTRODUCTION

Modem design of structural systems for seismic loading relies heavily on inelastic
deformations to absorb the seismic energy input by large deformations at reliabie
capacities rather than by large capacities at small deformation levels. Thus, earthquake
resistant structural systems will experience local distress and need to accommodate
large inelastic deformation cycles without deterioration of design capacity levels. Since
the structure is expected to perform well beyond the proportionality or yield limit state
during it s lifetime, traditional analysis and design models, which relate unfactored or
factored design loads and linear elastically determined demand to service or ultimate
capacity levels, are no longer appropriate 1o capture the relevant realistic structural
response. Thus, new anaiysis and design tools are needed which can (1) realistically
capture the post-yield 1o ultimate deformation level state response, (2) account for
realistic seismic load 11p.at and (3) determine the location and nature of local and global
failure modes.

A large number of complex nonlincar analysis models and advanced capacity design
models have been developed in the academic research environment but the quality and
usefulness of these models depends to a large extend on their appropriate verification
and calibration. Since the unpredictable and devastating nature of carthquakes allows
gathering of post-vield field data only 10 a very limited degree the validation of these
models depends largely on experimental laboratory testing. These laboratory tests need
to be per formed at a large or full-scale in order to capture the correct onset and
development of failure modes at the local and their complex interaction at the global
structural systems level. Since failure mechanisms and their nonlinear behavior are
typically controlled by the structural detailing of joints, connections ¢tc., only very
limited scaling is permissible in the experimental verification. Thus, cxpenmental
techniques are needed, which can take complete full-scale structural systems under
realistic seismic load input from the undamaged initial state through the yield limit state
and the formation of local mechanisms all the way to the final global collapse mode.
Realistic seismic load input to these full-scale models requires not only the application
of mass proportional loading but also the participation of the structure in the load
determination, both, in terms of stiffness degradation effects on the dynamic response
characteristics and in terms of higher mode effects.

In an effort to develop new design guidelines for masonry structures in seismic zones,
the TCCMAR [1] (Technical Coordinating Committee for Masonry Research) has
conducted in both the U.S. and Japan exiensive experimental and analytical research to
provide a b road data base for design model development. The final verification of the
developed procedures and models is by means of a five-siory full-scale reinforced
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concrete masonry building test under simulated seismic load input. A detailed
description of the test procedure developed for the U.S.-TCCMAR five-story full-scale
research building test is provided in the following. Afier a brief introduction of the
theoretical basis for simulated seismic on-line testing, the GSD (Generated Sequential
Displacement) test procedure is presented, starting with a general description of the test
methodology and the formulation of the test method, followed by the test method
implementadon, verification and fine-tuning, and an interpretation of obtained test
results from full-scale mulu- story rein forced concrete masonry shear wall systems. It
should be noted, that the primary objective of the described work was not the
development of new pseudo-dynamic testing theories or techniques but rather to the
application and refinement of existing procedures to allow the on-line testing of stiff
muli-degree of freedom systems under seismic load input.

GSD DEVELOPMENT
General Concept

As a direct extension of the pseudo-dynamic on-line technique, the GSD procedure was
developed for the full-scale seismic testing of stiff multi-degree of freedom structures.
Since the method was developed in direct support of models for design guidelines, the
test procedure must allow the test structure 1o be exposed to seismic input segments
which cause structural response representative of critical design limit states. Thus, a
carefully selected sequence of input segments is developed which will not only provide
the structural response 10 one particular seismic ¢vent but rather a sequence of critical
structural response states including higher mode effects which need to be considered in
the design process.

An example of such a sequential load side definition is provided in Fig. 1a where the
James Rd 230 component of the 1979 Imperial valley acceleration record was used to
provide input segments of various response characteristics as diagnosed by the
corresponding segment response spectra, see Fig. 1b. Based on the measured
structural stiffness characteristics, an appropriate input segment can now be selected
and scaled to produce the desired critical design limit state.

Displacements generated by these input segments through a numerical time integration
scheme must now be applied to the test structure as mass proportional sequential floor
loads. Thus, the four components of the GSD test methed consists of (1) the selected
sequence of recorded or generated seismic ground motion input segments, (2) the
analytical model and the numerical time integration sc heme (typically referred to as the
outer loop of the control system), (3) the computer-controlled inner loop of the on-line
servo-controlled actuator system, and (4) the actuator and loading system itself with
ramp generator and servo-control. Since pseudo dynamic test applications and
developments are reported in detail in [2 to 8}, only modifications to the basic concept
are repored in the following.

Hardware

The hardware components of the loading sysiem consist of the servo controlled
actuators, load distribution beams connected to the actuators and elastomeric bearing
pads which transmit the load to the test specimen. As an example, the test setup,
geometry and dimensions of a three-story shear wall used in the first series of GSD
implementation experiments is shown schematically in Fig. 2. In this setup, the loads
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were u-ansmitt_cd to t!'nc structure at cach floor slab through load distribution beams and
two elastomeric bearing pads.

This arrangement represénts a new approach in testing stiff MDOF systems. By virue
of reducing the gpparent stiffness of the floor slab, this arrangement provides
approximately uniform load distribution between the two points of load application.
The elastomeric bearing pads have several important functions. First, the pads provide
a mechanical amplification of the structural displacements to be imposed. This
amplification of the displacements allows for-easier control of the actuators at small
structural displacement levels. it is advantageous tha: higher amplification is obtained
at low load levels when displacements are very small, while the amplification gets
lower as the load increases. Second, the pads also provide limited unconstrained
structural rotations and cxpansions of the floor system, thus allowing structural
deterioration without compromising the mass proportional loading. Third, the
elastomeric pads protect the structure from actuator instabilities during shake down
tests, and fourth, the coupling between structural DOFs is greatly reduced which almost
eliminates higher order interaction effects during initial load stages.

Software

Because of the use of the elastomeric loading pads, as well as due 10 the deflections in
the loading system, the actuator displacements will not be equal to the desired structural
displacements. Therefore, this loading system arrangement requires an additional
scheme in controlling the actuators. This procedure is performed in the software level,
i.e., an exma iterative loop 1o impose the specified displacement to the structure.

The control algorithm developed for the GSD procedure is summarized in Fig. 3. The
cssential feature of the algorithm is the use of an "outer” and an "inner" software loop.
The outer loop calculates the structural displacements 10 be imposed through the
pseudo-dynamic algorithm at each time-step. These arget displacements are provided
to the inner loop, which calculates the necessary actuator displacements.

FL.OOR LEVEL

HARDWARE SOF TWARE
I INNER CONTROL LCOFP
RAMP AU TIATON
GENERATOR BEAPLACTHINT
D/R | MASTER ACTIATOR
DISPLACEMFNT
s ?;::::T""" ALGOR T TOM TEST
CrsmaNn ACTURTOR — CONTRIO.
nIse
NASTER ACTHATOR
(OFSP. CONTROLD
TEST SPECIMEN ORTA

(DOF] b iReeac Fapay S5TRUCTURAL

TARGET PISPLAY

NISPLACEMENTS

I

SLAVE ACTUATOR
{LOAD CONTROL)

N TUATOR ANALYTICAL PATA
l roms STRUCTURAL MODELING, STORAGE
L% -1.d PO NUMERICAL
STRUCTURAL DATA ACTUATOR [~ INTECRATION
D15PLACEMENT , ACQUISTITION TORCES, ETC ALGORITHM
OTHER DATA AlD

OUTER CONTROL, L.OOP

FIG 3. GSD Control Schematic per DOF
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The inner loop can be described as follows: The actual structural displacements are
measured, and the difference between the target and actual structural displacements is
multiplied by a scale factor, resulting in an incremental actuator displacement for the
next sub-iteration. This increment 1s added to the current actuator displacement to
arrive at the next desired actuator displacement , which is subsequently applied through
a ramp generator to the displacement controlled master actuator. The structure is moved
and the new structural and actuator positions arc measured. The process is then
repeated, until the floor displacements satisfy certain convergence criteria, such as a
specified displacement error tolerance (for exampie, 0.001 in.= 0.025 mm). It can be
shown that if the value of the multiplier lies between 0 and 2, the convergence of the
structural displacement to the target displacement is guaranteed. However, the most
suitable value of the multiplier depends on anticipated bearing pad displacement
amplification. The value of the multiplier should be chosen such that reversal of the
direction of the structural displacement increments (i.c., flip flopping) be avoided.

When the desired structural displacements are reached the restoring forces are measured
and are used in the outer loop to calculate the next structural target displacement. The
process is repeated for all required acceleration input segments.

GSD IMPLEMENTATION
Three-Story Wall Tests

The GSD test method was implemented on three-story reinforced masonry shear walls.
Two three-story wall specimen were used, and the schematic test setup is depicted in
Fig. 3. The loading system of the test structure consisted of three pairs of servo-
controlled hydraulic actuators, load distribution beams and elastomeric loading pads.
The actuator forces were reacted against the UCSD Structural Systems Laboratory”s
50 ft (15.24 m) reaction strong wall. Two 165-kip (733.9 kN) actuators with £6.00
inch (152.4 mm) stroke capacity were used to load the structure at each floor level
thro :gh the arrangement shown in the figure. A vertical preload of up to 100 kips
(444.8 kN) was applied to cach of the elastomeric pads to allow friction based load
transfer.

Loading System Serup. To properly simulate mass propontional floor loading, loads
have to be uniformly introduced to the test structure not only along the length of the test
building but also over the width. Thus, two actuators were employed per floor level,
which will ultimately also allow the testing of a building under torsional response as
long as the actuators are force coupled an d prevent torsional response when the
actuators are displacement slaved. In the three-story shear wall tests, one actuator,
designated as "master”, was conwolled in displacement command by the sofiware
through a digital interface. The load cell output from the ma ster actuator was then fed
into the load controlled slave actuator as a command signal. Because of the tight analog
coupling, the net effect is that of a single displacement controlled actuator with uniform
loading on both sides of the wall.

Instrumentation. The instrumentation was designed to provide information in two
specific areas: (1) test control and (2) structural response. Test control instrumentation
is depicted in Fig. 3 with load cells, actuator internal and external LVDTs referenced to
& separate instrumentation frame. The structural displacement and restoring force
information required for the pseudo-dynamic algorithm were provided by three LVDTs
measuring floor displacements (at the center of floor slabs) r¢lative to an independent

137



instrumentation column placed between the specimen and the reaction wall and by six
load cells attached 10 the hydraulic actuators. The LVDTs measunng the structural
displacements had a range of 0.2 in. (&5 mm) range for tests on the stiff, undamaged
structure. Extended range LVDTs were used to accommodate greater floor
displacements after the structure sofiened. The analog circuitry of the load cells was
also optimized to the anticipated load levels. To further reduce measurement errors, the
average of at least 25 A/D readings of each channel was used for the calculadons in the
outer control loop.

TEST DESCRIPTION

Numerical Modeling. The pseudo-dynamic algorithms and parameters choscn for the
present test series reflect the issues discussed above. The three-story wall specimens
were idealized as 3-DOF systems, with the masses lumped at the floor levels. The
mass of the floors was adjusted in order to allow a the time integration interval of at
least 0.005 seconds in the conditionally stable algorithms. The initial measured
structural stiffness and the actual test specimen mass resulted in natural frequencies of
17.7. 63 1, and 117.5 Hz for the 3-DOF model. Since the Ei Centro 1940 NS ground
motion record chosen for the Wall 1 experiments had its major source of energy below
S Hz, and to provide for integration time steps of reasonable length, the analytical
model was adjusted with contributory mass equal to 15 times the specimen mass,
resulting in initial (uncracked) natural frequencies of 4.6, 16.3, and 30.3 Hz at an
assumed damping of 5%. As expected, the natural frequencies were found to decrease
as the test sequence proceeded, indicating the damage state of the swructure.

Although the Newmark explicit method was first applied with 5% modal viscous
damping, cases without numerical damping were also examined for later stages of the
tests. When the Madified Newmark Explicit algorithm was used, the parameters were
chosen such that larger damping effects be obtained in the higher modes, while still
providing realistic damping in the first mode. For Hilber’s alpha method, a standard
set of parameter values (0t =0, B = (0.25 and ¥ = 0.5) were used, which leads to the
constant-average-acceleration integration without numerical damping.

GSD Test Implementation - Wall Specimen 1. The first three-story shear wall
specimen was used to implement the proposed GSD testing procedure. A scale factor
of (.5 was applied to a time window comprising t = 1.0 sec in the 1940 El Centro NS
component acceleration record.

First, two experiments were performed using the Newmark Explicit time integration
scheme with a time step of 0.005 sec, constant 5% modal damping, and structural
displacement error tolerance of 0.001 in. The response obtained in Test 9 is shown in
Fig. 4. Both the displacernent and restoring force histories show diverging oscillatory
behavior, representing the uncontrolled growth of spurious higher modes leading to
unrealistic relative story shear forces n the structure, and uldmately 1o an instability in
the loading system. This phenomena has been observed in other MDOF pseudo
dynamic tests [4]. Following these tests, the time integration algorithm was changed to
the Modified Newmark Explicit scherne, having frequency proportional damping to
suppress the spurious higher modes. Using the pretest measured stiffness, calculated
damped natural frequencies were 3.8, 15.4, and 28.0 Hz, and the integration
parameters were adjusted to give 3.4, 22.8, and 59% damping for the first three modes
respectively. The results of Tests 13 and 15, alony with a prediction, are shown in
Fig. 5. The noteworthy feawures of these results are the dominance of first mode
response, controlled higher modes, and the good reproducibility between the two tests.
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The latter feature shows stability of the structural properties a t least to the end of
Test 13 corresponding to top floor peak displacement of 0.1 in. with the flange in
tension, The results indicate the onset of aonlinearity at about (.45 seconds. This
coincided with the first observed flexural cracking at the base, resulting in period
elongation and amplitude increase over the linear elastic prediction, as expected.

During these tests elastomeric pad deflections resulted in actuator displacement
amplifications of 3 to 5. The structural displacement errors were kept below the
0.001 in. error tolerance. Restoring force oscillations remained, despite the lack of
significant higher .odes displacement participation.

Results of Test 35 on the significaniy sofiened structure are presented in Fig. 6.
Pretest stiffness measurements gave 1.45, 8 .65, and 19.81 Hz for the first three
modes, a significant reduction from the undamaged values for the first two modes. The
acceleraron scale factor of 0.5 was retained, as were the integration algorithm, time
step. and error limit. The response now is very nonlinear at all displacement levels.
The top floor displacement reached 2 in. (50.8 mm) corresponding to a drift of 0.64%.
Load oscillations with about the same frequency remain to about 0.8 sec of the
response, but appear with a much lower frequency thereafter. The structural
displacement errors also fall considerably outside of the 0.001 in. (0.0254 mm) bound
after abeut 1.2 sec, especially for floors 2 and 3, and the deviations, in general, follow
the trends in the structural restoring forces. In imposing the structural displacements,
the errors were allowed to exceed the limits rather than undertake an unreasonably large
numbcr of iterations to force the displacements to converge. To stay within tight
convergence tolerances may be counter productive due to the long time required and the
resulting siress relaxation effects. Significant diagonal cracking and toe crushing
occurred by this time. While the Wall 1 tests showed that the developed GSD method
can simulate seismic joads on stiff MDOF systems, the capture of higher mode effects
and better control of errors and corresponding load oscillations were investigated in the
Wall 2 test specimen.

GSD Test Refinements - Wall Specimen 2. 'Wall specimen 2, which was the same as
specimen ! in dimensions and properties, was used to refine the GSD procedure. The
performed sequence of tests an the three-story masonry wall is summarized in Table 1,
indicating, in addition to the acceleration window, also integration scheme, scale factor
and change in the three natural response periods for the masonry wall prior to the
associated test.

Three analytical models were used in analyzing the outer loop target story
displacements, namely the Newmark Explicit (NE), the Modified Newmark Explicit
(MNE) and the implicit Hilber's Alpha (HA) methods. The implicit scheme (HA)
allowed constant damping for all modes without antificially suppressing higher mode
effects in multi-story buildings. After testing the first of the two three-story walls with
the MNE method at very slow testing rates, a displacement error correction scheme was
introduced in the outer control loop. In this correction, the difference between the
calculated structural target displacement and the actual measured structural displacement
is multiplied by the initial structural stiffness (measured experimentally at the beginning
of the test segment), yielding a restoring force correction which is added to the
measured restoring force in the subsequent outer loop calculation of the next rarget
displacement. Since the restoring force errors result in spurious higher mode effects, a
correction Lo the restoring fares r educes spurious higher mode effects and allows for
smoother structural response. With this restoring force correction, even the NE method
showed stable results and was successfully implemented without any artificial
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Table 1. GSD Tests on Three-Story Wall Specimen No. 2

)]
TEST wnicg- el sale daropag Tent Tune Test Neaenl Percost masumum p
aumber roon window | (acior S Langth fpesd T displacement
scheme (i (ec) (»ec) mao (sec) pushpul ‘mm)
TEST 19 MNE 2 03 472772 1.0 2573 7S 0200640035 | 0271/ Qosl
TEST 20 HA 2 03 s 1.0 928 9228 02300610.0% | 0300 0176
TEST 21 NE 2 05 - 1.0 289 Q89 02300610.034 | 0366/ 0452
TEST 3 MNE 2 6.0 6.12458 0.4 Tusé 10416 | 0230 0700.038 | 1752/ -1.952
TEST 44 NE k] 5 092 11046 12007 | 0230.0570.046 | 1378/ -7 64
TEST 48 NE 4 03s - 166 602 sy 0300004008 | 10045/ -5401
TEST $2 NE [] 04 - LR 5540 8318 03100080041 | 20501/ -22.05%
TEST 36 NE L] Q93 - 1.64 9035 5521 0a20.1220085 | 11.688/-11424
TEST & NE T 1.5 - 0.5 4790 6387 03801190089 | 35458/ 35141
TEST 86 NE ) 09 . Q.80 1405 EME] 0850.1740.060 | 102200 0.038
TEST &7 NE ] Q29 - 039 1970 % 08501740060 | 0035/ 10083

*  MNE : Modified Newmark Explicit method
HA : Hilber's Alphs method (umplica)
NE : Newmark Explicit method

numerical damping, thus capturing all possible higher mode effects. Thus, for the
second wall, the restoring force correction was applied to all integration schemes
shown in Table 1.

The computer-controlled inner loop was modified two special features to improve
testing speed. First, the actuator displacement amplification factor was applied to the
difference between the target and the measured structural displacements to account for
the ¢lastomeric loading pad amplifications and for opposite direction displacements in
higher mode response. Second, since the command signal and the actuator
displacement relationship may be off-bias and not completely lincar, the new
displacement increment for individual actuator movement is added to the previous
command signal rather than to the measured actuator displacement, thus reducing the
flip-flop phenomena in the inner control loop convergence. A significant improvement
in testing speed can be observed, see Tests 60 and 66 in Table 1.

Results from the three-story full-scale masonry wall tesis arc presented in the
following. The pre-yield phase was used to comp are the effect of the different time
integration schemes, e.g., Tests 19, 20 and 21 in Table 1. Response time-histories for
the three tests are depicted in Fig. 7. As can be seen, Test 19, the MNE scheme
(Fig. 7a) results in a first mode response, since all higher mode effects are numerically
damped out. Some higher mode ¢ffects were captured with the HA method (Test 20),
with 5% damping per mode. The higher mode response is visible in Fig. 7b in the
displacement time-history and in the increased restoring forces. Finally, the NE
scheme, without any numerical damping, featured the largest sccond mode
contributions, as can be seen in Fig. 7c. The displacement error can be tightly
controlled by specified error tolerances (note the three different levels in Fig. 7¢),
where the error tolerance was adjusted in three steps.

The above discussed modifications to conventional on-line testing techniques have
allowed the testing of stiff masonry wall systems with GSD using reliable integration
schemes such as NE without introducing artificial numerical damping and resulted in
pseudo- dynamic tes: rates of one to four thousand times the real seismic event, or in
test durations of typically less than one hour per one second of earthquake time-history,
see Table 1.
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ONGOING DEVELOPMENTS

A criucal factor for the application of the presented GSD method is the speed of the
procedure. It was observed in the sequence of the tests up to this point, that the speed
of the test depends on the number of sub-iterations needed for the inner loop algonthm
to converge. Therefore, faster convergence in the inner loop iterations should be
considered in order to achieve greater effectiveness of the test procedure. In the earlier
tests, the restoring force time-histories indicated considerable level of higher mode
response, and this probably causes very slow convergence within the inner loop
iteratons. The use of the restoring force correction using the inital stiffness matrix
solved some of the problems encountered in the earlier tests. However, the true
correction should be based on the current tangent stiffness, not the initial stiffness.

Some theoretical investigation of the inner loop algorithm reveals the following: the use
of a single multplier for all the DOFs has the least effect to reduce the displacement
error in the highest mode. Figure 8 shows a conceptual simulation of the behavior of
the structural displacement for a three-DOF structure. The displacement error vector
can be decomposed into 3 mode-shapes (eigenvectors of the stiffness matrix), and these
errors eventually converge to zero if the inner loop iteration is repeated. The y-axis in
Fig. 8 represents the amplitude of each mode in the displacement error divided by the
initial value (for each mode}. Since the convergence rate of the third mode (ie., the
highest mode) is the smallest, the ratio for the highest mode becomes larger compared
wit h lower modes. If the inner loop is terminated at a finite number of steps, the
resulting displacement error is dominated by the highest mode. It is obvious that such
displacement error produces the maximumn restoring force error, with the use of the
same level of displacement error 1olerance. This effect will become more serious as the
number of DOFs increases since the ratio of the smallest eigenvalue and the jargest
cigenvalue of the stiffness matrix becomes larger.

ist mode
sws+s 2nd mone
----- 2rd mode

o

98 -

Ralwa of displ error

R

10 i3 20 % 20
Number of iterauion steps

FIG 8. Structual Displacement Convergence

It can be shown that the remedy for this is to use a multiplier which ties the
displacement error vector to the actuator displacement increment vector. That implies a
multiplicr in the form of matrix, as opposed to the use of "scalar" multiplier in the
present tests. However, this will require some information on the relationship between
the actuator displacement increments and structural displacement increments, which can
be described by a transformation matrix. If one tries 10 obtain this matrix (which can be
called displacement amplification matrix), a certain estimation procedure must be
implemented. It is very convenient that the estimation procedure can be applied to the
estimation of tangential stiffness matrix in the same manner, and the result can be used
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to the refined version of the restoring force correction mentioned above. These
developments are currently under investigation.

CONCLUSIONS

A new testing methodology for full-scale reinforced concrete masonry structures
subjected to simulated seismic loads under laboratory conditions was developed, and
the implementation and verification on three-story full-scale reinforced masonry shear
walls was discussed. The new test method allows realistic seismic input simulation and
trace of higher mode effects, even in the initial undamaged state of the structure.
Problems typically associated with the stiff coupling between servo-controlled actuators
in a mult-degree of freedom system were overcome with the introduction of
elastomeric loading pads, which act as displacement amplifiers in the loading system.
Advances in the actuator control loop also allowed testing without numerical damping
in the time integration scheme, thus permitting the tested three-degree of freedom
masonry shear walis to respond with lateral load distribution pattems consistent with
the degree of structural stiffness deterioration.

With selected seismic ground motion input segments, stiff multi-degree of freedom
structures can now be tested under realistic seismic loads to any predetermined critical
design limit state. The Generated Sequential Displacement testing technigue will now
be applied in the first U.S. full-scale building test on a five-story reinforced concrete
masonry building.
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ASSESSMENT AND EXPERIMENTAL RESEARCH OF EXISTING
WALLS INTENSITY

Lou Yong Lin!

ABSTRACT

The question that is usually met in the design of evalution and strengthening of
carthquake capacity for existing the buildings whose loads carried by the walls is how to
know the existing walls intensity. Based on the analysis comparison and experimental re-
search, this paper suggesis a method for assessing the existing walls intensity with simple
tools to actually determine the shearing strength.

PREFACE

When strengthening the buildings withour seismic design, increaseing the existing mid-
dle—storey and lower—storey buildings or finding the quality of masonry walls construction
which fails to meet the designing demand, we should measure the mortar intensity of ex-
isting walls. To check compressive strength and seismic intensity of walls, we could know
compressive strength and shearing strength of masonry walls. Between two of them, the
check of scismic intensity is of control effect. Table 1 shows the consequences of a certain
residental building’s mortar index appraisal and checking of vertical—horizontal walls
compressive and shearing strength. The scismic intenisty is obviously not enough. Determi-
nation of shearing stregth is the main content of the wall intensity measuring.

Besides grade of brick, material and proportioning of masonry mortar, the factors in-
fluencing walls intensity are also connected with the construction method.

SITE MEASURING OF EXISTING WALLS INTENSITY

We often separate a block of brick wall at the worksite to measure existing wall intensi-
ty and to imitate the brick pillar to be pressed on indoor press 1o determine compressive
strength. In the method, the masonry is easily damaged in the processes of scparating, mov-
ing and repairing, especially when the grade of determined wall is tao low. This kind of

1. Building science research institute of LiaaNing Procince, Office Director, Senior
Engineer
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Table | Wall intensity assessment of a certain residental building in Tie Ling city.
Liao Ning province

Item Storey 1 2 3 4 b 6
Assessment compression | 25% | 108 | 108 | 10 | 108 | 10&#
momc:findcx shearing 08 | = & “+t ot 1354
K of compressive check ) 2.38 2.39 248 3.26 478
Seismic K or horizontal wall | 2.37 1.57 1.59 1.74 205
check K or verticall wall 1.51 097 | 098 1.04 1.23 222

Note: 1) The compressive check requires K = 2.3 seismic check requires k = 2.0
2) Select the worst wall-section to take scismic check and compressive check
3) K of vertical seismic check has been enlarge 1/ 3

method can only be used in determining the compressive strength of wall, and hardly in
sheanng strength. Therefore, the method using resitiometer to determine the mortar inten-
sity was put forward. Besides mortar intensity and hardness, the more important factor that
determines the masonry shearing strength is viscosity between mortar and brick. It can’t be
determined by resitiometer. Refering to reference[2], we designed a ficld—tools used to
measure shearing and tensile strength of existing building. See figure 1. The tools have been
actually used in our institute building and people’s procurato rate building.

Select unbearing-wall under window si)l as determining part. Remove window sill
board to expose masonry brick, and carcfully dig out mortar in the surrounding joint of
bricks. Then fasten the clliper (one of the measuring tools) on the brick.(Fasten clliper heri-
zontally to measure T—brick shearing strength and vertically to measure joint tensile
strength of horizon—brick). Tighten the screw to inerease the pulling force until the joint ru-
ined (To be translationed or pulled out). Measure the maximum pulling force with
tensimeter. Divide the maximum pulling force by cross—section of brick to get shearing
strength or tensile strength of existing wall. Select two or three positions in each storey and
masure fifteen blocks of brick of each position. Take the average as shearing and tensile
strength of each storey in the building.
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8. apparatus for vertical loading
1-brick specimen; 2—-vertical clamping apparaus;
3-dynomomenter; 4-frame; 5—tension nut

b. loading apparatus for horizonial shear
6—horizontal clamp; 7—end hearing iron plate

Figure 1 equipment for determining strength of a in—situ brick wall

Having mcasured walls intensity of two buildings, we have found that it can’t show the
true shearing strength of existing walls only by observing composition and hardness of mor-
tar in brick joint. E.g. Our officc building was constructed in 1960. The mortar was
mixture—mortar with more ccraent content. Its hardness was enough. It scemed have
enough intensity. But the results of intensity measuring proved that the cementation be-
twéen mortar and brick was very little. The main reason forit is the bad construction quali-
ty without enough mortar(The area pasted with mortar is onty 20—~ 30%). The brick might
not be watered before laying and some of them might be constructed in winter. Therefore
there had no coherion between many bricks except that only few bricks had littic coherion.
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It's assessed 1o be 103 mortar. The building of local procucatorate is an old building con-
structed in 1930s. Although the mortar is lime mortar, which contains very little cement and
is not very hard, the quality of constructing and brick are very good and horizon-verticat
jint mriar is enough. The coherence between bricks is very tight. The sheaning strength has
reached the index of 50 mortar.

EXPERIMENTAL RESEARCH ABOUT FIELD MEASURING INTENSITY OF
EXISTING WALLS

To examine whether the field measuring intensity of existing walls are safty or reliable,
we used three kinds of mortar and made mortar and brick test picces for compressing,
shearing and pulling tests and three pieces of 240mm brick walls. Having cured for a
month, we did compressing, shearing and pulling experiments for montar and masonry test
pieces. For brick walls, we did T—brick horizon—sheaning and vertical-pulling experiment.
The results were shown in table 2.

Conclusions from table 2:

1. The shearing and tensile sirength of masonry test pieces are smaller than that of
morlar est pieces. It indicates that the cohesion between mortar and brick i1s smaller than
that of mortar itself.

2. The shearing and tensile strength of brick walls are less than 1hat of masonry 1est
pieces. Beside different methods which cause partiality of measuring tools and influence of
digging vibration, it also shows that the coastruction quality of brick walls was lower than
that of test pieces was required 1o be 100 percent filled, but for brick walls only 80 percent
are ¢nough.

3. The vertical tensile strength of brick walls(similar to joint—curve—tensile strength)
is smaller than the shearing strength.

4. The tooth—joint tensile strength measured from tensile pieces of S0¥ cement mor-
tar masonry is smaller than that of 253 mixture mortar masonry. Its main reason probably
is the influence of workability of mortar and the construction method. It makes the cohe
sion between cement mortar and bnick smaller than that of test pieces built with mixture
mortar,
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Table 2 comparision of measured strength of walls

Ty quantity of | meusured :lnn:th of
pe .
of Test classificstion deacriptios of specimeas tpocimens | Speeimem TH wow
pecimens
' tach group | o | 25t | som
compreasive streagth Ra(kg / ¢cm?) 70.7% 70.7 x 70.7mm’ culb 9 7.70 | 1530 | 43.30
: Z-shaped, vertical shepr
moriar shearing strength Rsjkg / cm®) plans 70.7 x 70, Jmm 6 1.20 | 229 J 5.02
$—susped, actual messurement of teasion T
tensile strength Ral(kg / cm?) 3 .83 299 1.60
fracture plans
compremive streagth R(kg 7 em?) 250 %370 x 750mm’ priz 3 18.40 | 2000 | 21.10
the bed of the brick pier is 490x 370 x o
’ .
shearing strength of hoqmnul 120mm”, the upper part is 370% 370 x 3 o8 137 286
masonry joint Rim(kg / cem®) 120, snd the middk parct is the mortar
joint 10 be measured
tensile strengih of piepjoint masounry specimen, with
Rm: y: m!) T buped plane 3 090 | 156 | 1.26
shearing strength of horjzonial horizontal shear
pfm Riatky /7 om o brick 15 0.66 | 135 | 205
. Inlll: strength of horizontal vertical pulling~out
brick wall lotnt Rww(kg 7 cm) ol oo brick 15 0.425 | 0.565 | 0800
Ric and Rwc are caleulaled
from Rt according to 0.965 | 1490 | 2720
the related 1pecificaion !
Rim / Ric 0.90 0.92 j 1.0%
o Riw/ Rk 0% | 092 | 075
Rww / Rerc 0.44 038 0.2%
THE INFLUZINCE OF CONSTRUCTION QUALITY TO THE WA LL’ S

COMPRESSIVE AND SHEARING STRENGTH

The intensity index table and calculation formula of various masonry given out by
*The standard of brick structure design” depend on grade of brick and masonry mortar.
These are based on the correct construction operation in keeping with “standard of brick

building construction and acceptance”. The index of brick and masonry has dilferent influ-
ence on compressive and strength of masonry brick when the construction operation isn’t in

keeping with the demands of the standard. For instance, if the mortar is not enough, it will
decrease the compressive and shearing strength of masonry. When mortar has poor
workability and brick is laid without water, the masonry compressive strength will be influ-
enced very little, but the masonry shearing strength will be influenced very greatly. Because
the mechanism of masonry being compressed 1o damage is that when the brick compressive
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lateral deformation reach crack value and the mortar index is less than that*of brick, the
compressive crack has little reaction with the adhesion force beiween mortar and brick.
This was proved by contrast experiment using compressive test pieces of brick masonry
post immerred in oil. It showed that the compressive strength of immerred oil brick test
picces did not decrease. Certainly the shearing strength of masonry brick is mainly decided
by adhesion between brick facing and bonding facing of mortar.

ASSESING METHOD OF EXISTING WALLS INTENSITY INDEX

1. For buildings with few storeys and smalt area, determine the index of mortar by
the method of observing material of martar area of brick pasted with mornar, pinching and
breaking the mortar block to estimate the intensity.

0% moriar. Mud or silt. Have no intensity by pinching.

4+ mortar: Lime mud or lime fine sand. Have little intensity by pinching.

103 mortar; Lime middle__coarse sand. Contain much lime or little cement. Have in-
tensity but can be smashed by pinching.

25% mortar: Cement, lime middlc__coarse sand. Have great intensity by pinching. It's
difTicult to smash it by pinching. The picce of mortar can’t be broken.

50+ maortar: Much cement lime middle__coarse sand. The mortar block can’t be
smashed and mortar piece is difficult to break.

Except for these, it also necessary to observe the adhesion area and intensity between
brick and mortar. Sometimes the mortar block intensity is high, but the bad constructing
operation quality made adhesion intensity between mortar and brick decrcase. Therefore
the masonry shearing strength should be lowered one grade. For masonry compressive
strength, it should be considered by the arca paved with mortar. When the area is large
(reach 70~ 80 persent), the grade should not be lowered. When the area is small, the grade
should be lowered one grade.

2. For the buildings that are important with large areas, it is better to use the tools
shown in Figure | to measure shearing and tensile strength of masonry walls. To
multi__storcy buildings, we usually measurc shearing strength only. Select the lower parts
of windows or middle parts of long 240 walls as measuring spots. Get the shearing (honzon
measure) or compressive (vertical measure) strength by dividing the maximum damage
force with areas of bricks. In the same time, observe bricks areas stained with mortar and
mortar material component. Measure 15 brick blocks in each positian and 2~ 3 positions
for one storey. Take the average as masonry shearing and tensile sirength of construction in
every storey. when construction of existing is normal {enough brick area stained with mor-
tar and adhberion), read mortar index form “Brick construction design standard”
(GBJ3__73) Table § in contrary direction at shearing strength to determine masonry
compressive strength. When construction of existing wall is innormal (montar block is too
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hard, mortar surfarc is large but adhesion is small), increase masonry mortar index one
grade and take it as masoary compressive strength,

REFERENCES
[1] Edit group
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RESEARCH OF VIBRATING PERIOD
CHARACTERISTICS OF R/C STRUCTURE

Wu Shiying LiuZhenchang
Senior Engineer Engineer
The Institute of Earthquake Engineering,
China Academy of Building Research,BEIJING,CHINA

ABSTRACT

What is dealt with here is one of the sub-
jects on R/C structure with one degree of
freedom studied on a large scale shake
table. Through surveying and analysing
the structure under whole loading proce-
dure, the authors suggested: natural pe-
riod is the intrinsic characteristics of a
structure; natural period changes with the
stiffness of the structure which changes
throughout the whole 1cading procedure;
and in the structure under the action of
cyclic dynamic load, there is an "instan-
taneously lcaded period "(loaded period
for short)property, which is the most
crucial parameter for the estimation of
the dynamic properties of the structure.
This paper also covers a discussion on
three different kinds of periods.

PREFACE

The natural period is an important parameter of dyna-
mic property of structure especially when the structure
is enduring the indirectly caused inertia response force
which is related not only to the properties of the wave
of ground movement but also to the property of structure
itself. The problem of natural period, therefore, cannot
be evaded in the research of the earthquake resistant
countermeasures.

It is obviously unreasonable to suppose the structure
as purely elastic because the material which the struct-
ure is made of is not purely elastic. Furthermore, it
is also impossible to determine the elastic response for-
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ce and the corresponding elastic inner force with the el-
astic pericd and then determine the steel area by the
Design Code based on the ultimate equilibrium theory.
Since from the beginning of undertaking the vibrating
force to failure, the R/C structure is not elastic, so it
becomes a prominent problem to estimate the influence of
structure bearing capacity with elastic intrinsic pe-
riod.

1. Basic Condition of Experiment

This experiment employed a normal R/C column which is
fastened on a one-wey horizontal vibrating table 3x3 me-
ters in size with a lumped-mass weighed 1 ton an the tap
of the column to from the clear lumped-mass system.(see
Fig.l1).

Fig.1

The test column has a rectangular cross section 60x15

¢m in size; its concrete strength is R=387 kg/cmé; and it
is reinforced by six grade I steel bars (10 mm diameter)

with the yield strength R=3610 kg/cmZ(see Fig.3); grade
I steel (6 mm diameter ) iz also used as hooks.

1 "&,__k]
% E- 1. Deflectometer
f 45— Accelerometer

)= Gage

-

hd ﬂ Fig.2
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LE [ty e e
-Miife£i ’ Fig.3

The arrangement of testing instruments is shown in
Fig.2. Fixed acceleration and staged sine loading method
are used ta form the load wave in testing procedure for

convenience sake.

| amiR|

2, Natural Period Determining Test

Before the dynamic load being put on the column, the
commoen metheods, pulse, strike and micro-shake methods,
are used to find out the natural period of the column.
The resgults are shown in Fig.4.

Pul se
¥4 eps
Btrike -3} Cp8
55 CPS

Micro-Shake

Fig.4

The average value of this lumped-mags system's na-
tural pericd T is found to be 0.185 sec.{5.4 cps )tested
with the above methods.
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Accoiding to the formula, however, the elastic
natural period is:

T0=27l',‘ W/kus .nnt.-o-naoa»ua(l)

Where, Kg =E J
in this case, W=1002 kg, Ej =32.7x10° kg/cn?

J=0.00016875M4 H=2.08 M
Substitute these values into eq.{(1), it is obtained that:

T=0.1472 sec.

pP=6.7 cps.

The calculation value and the results of the expe-
riment fail to meet each other. It shows that it is much
more rough to calculate natural period of the actual str-
ucture by the calculating formula considering that the
simplified calculating model ias very similar to the ex-
periment installation.

Without doubt, the error relates to the synthetical
elastic modulus of structure material used in the calcu-
lation. 1If real tangential modulus of elastic stage were
substituted for secant modulus of concrete listed in the
current "Design Code foe R/C Structure”, the calculating
error of period would be decreased.

Increase the acceleration or change the loading
frequency gradually after starting the shake table, and
then cause the maximum curvature of the column and the
column surface cracked by the inertia force yielded up to
the damage of the column.

The rigidity of the column when cracking appears is
different from that when the celumn is damaged. Stop the
shake table and the changes of natural period in the two

cases are detected by means of strike method{see Fig.5).
! Sac

Cracking

Destroy
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It is impossible to calculate accurately the res-
ponse force by the elastic formula with these kinds of
natural period because the system rigidity couldn't be
decided accurately under these two kinds of conditions.

The testing of zero load period reveals that the
natural period of structure during the loading procedure,
is not a stable value which increases with the decrease
of the rigidity of the structure, or with the damage of
the structure step by step. It proves that the arith-
metic reliability of R/C structure could be hardly esti-
mated if only the elastic natural period or the converted
period which multiplied by an artificial coefficient K
was taken inte account.

From the micro-shake condition of the shake table
up to the damage of the column, the relationship between
micro-shake natural period and the dynamic load Q=mA
{refer to Fig.6)shows that there must be periodic cha-
racters as long as the rigidity have not been exhausted,
however, they are not constant ones.

A kg

Hre

Fig.6
3. "Loaded period"of Structure

After the elastic natural period of the system having
been detected, start the shake table, keep its accelera-
tion as a constant 0.1g and change its frequency from 2
to 5 ¢eps. If the R/C column can be assumed as elastic
before cracking, its period should be no change, i.e.,
the system should rescnate when its frequency increased
to 5.4 ¢cps. But the practically detected results are not
as that assumed (see Fig.7). It shows that though no
cracking appeared on the column surface after bearing the
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shake with 0.1g as its acceleration only, there is a cha-
nge of the column's vibration character, the frequency of
which is smaller than its elastic natural frequency {sece

Fig.8).
Ans-
"[\/\/'}\/\/x/\/‘rmr

1\/\/\/\/\/\[\/\/\/\/\/\/‘ -

T

It is evident that if the response acceleration were
deduced with the elastic natural period under this condi-
tion, it would be a wrong result with the error higher
than tens or even more than hundreds per cent.

The natural period of the system increases toc 0.33
sec. When cracking appears, the inertia response acce-
leration and the displacement of the column top are small
while the acceleration of the shake table is 1.2g and the
load frequency is 10 cps..

In opposite, resonant damage occurs when the acce-
leration is 0.142g and the load frequency is 2.5 cps..
The zero lcad natural frequency of the shake table is 2.0
cps., after the table stopped. This fact proves that
there are frequency differences in characteristics be-
tween the conditions of dynamically loaded structures and
that of free vibrating ones, it is the vibrating frequen-
cy ¢f structure under shaking load that plays a vital
role. Therefore, the instantaneuwus period of the struc-
ture under dynamic load is called "Loaded Period"by the
authors.

4. Relationship between Loaded Pericd and Defeormation

Fig.9 is the supposed diagram used to deduce the
natural period of system with one degree of freedom.
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Weight W produces a ver-
tical displacement. Let
the block be displaced from
its equilibrium position
and released so that vib-
rations take place for the
spring has rigidity k.
Eq.{]l} can be get according
to this supposed diagram.
It is known that the period

of vibration depends only
KL sem T8 upon the magnitudes of the
2T 1¥  Geight W and the rigidity

of the system and is
Fig.9 independent of the amocunt
of displacement,

If the interfering force acted on the system doesn’t
vanish while the rigidity of the structure changes but
not being exhausted, it is expected that the block vib-
rates about its equilibrium position under the actions of
rigidity of the structure and the instantaneous changed
external forces. Denote the displacement produced by
interfering force by f, which equals to x+ , and regard
the product of mass and acceleration as egquivalent inter-
fering force Q=mA, it is easy to get the formula similar
to that of natural period as follows:

Tp=27[/al/,<'9 2 4 s & &0 e .c-....(2)

In the equation above, the synthetical parameter K
of the building is very difficult to be figured out, es-
pecially in the case that there are many kinds of mate-
rial used in buildings and the structure members are un-
der loading conditions, so K is very hard to be put into
actual calculation.

However, during loading procedure, the relationships
between the displacement at the mass center of the cclumn
top and the acceleration and that between the
displacement and vibration frequency were obtained
by testing (see Fig.l0).

fiog Aups
apjex |

acper

% s & § 4 HZ
Fig.10 Fig.11
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It is also known from Fig.11 that the moment of co-
lumn under the inertial force fm is

EIY" = M ......... ce et e +(3)

Where Ey =Kp, Y" is a parameter which value is varying

while the property of the structure changes from ela-
sticity to plasticity under the action of inertial force.

When the structure system is at the pure elastic
stage, it is known from common structural machinics:

M= 3EIf/LZ ................ (4)
Substitution of eq.(3) into eq.{(4) yields:
EIY"=3EIf/L2
fe =0.33Y"L2
For reinforced concrete structures:
vra1/r=(fe= En
If the strain of tension zone is based on the
tensile longitudinal bars:

Y"=(Eh—6g)/ho .................(5)

The elastic of deformation of the cantilever column can
expressed as following considering equation (5):

fe =0.33L2( £,— €¢ )/hg .cevervee.(6)

When the material came into elastoplastic stage and
till collapse, the cantilever might have appeared such
kinds of curvature distributions as shown in Fig.12.

It is well known that

f= J(HPHIIEI]dx Cecseeaneet e {7)

Substitute eq.{(3) inteo {(7), it is obtained that:
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f=JY"Mldx

By using moment curve product method, the dig-
placement at the column top under the three cases in
Fig.12 can be determined:

1 ] .44 - ey
: . E é
' 4

— -~
Al A

-~

v
(o) (b) (¢}
Fig.l2
fep=0.4LY"
20.4L2( Ep—Eg)/hg ceviriiiiines .o (8)
Where g, =--dynamical strain of concrete in the

compressive zone of the section
Ey~---tensile strain of bars in the tensile
zone of the secticn
ho=—-the effective depth of the section
after cracking

It is known from eq.(6) and (8) that although there
is no big difference between the parameters in the two
equations, (one is 0,33, and another is 0.4), the meaning
of curvature and strain are not the same. The test prov-
ed that there is no much error if eguation (8) is used in
the both cases before and after the column is cracked.

The testing values of the cantilever before and
after cracking are shown in Table 1.

It is shown in Fig.13 that the testing values and
the calculation values are almost the same.

After the dynamical deformation having been obtain-
ed, it is supposed that:
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Q) =Klxfd  ==mmmmemmmme—eeaoae (9)

Substitute eq.{9) into eq.(2), the period under the
action of the load can be written as:

Tr=2"{ £4/8

=0.2/fg @ eeemmemmememeee--- {10)

The forced loaded period of the shake table is
denoted by Tp and the loaded period of the structure is
denoted by Tp. For the actual structure, the rescnant
period is 0.366sec while the calculation value of the
loaded period iz 0.368 sec. The relation curve of the
pericod and the response value Q in the loading procedure
is shown in Fig.14. The value of the collapse respond
force Q when response occurred is 1.24 ton.

Table 1 Testing values of Strain DZ 1-3

(CPS)| Q=Mf |Compress Strain!/Tensile Strain |Deforma
of Concrete of Steel Bare -tion

(T) x108 x106 flcm)

4.12 1 0.12 243 222 — 0.64
4.30 | 0.31 191 180 0.54
4.30 | 0,27 176 162 0.46
4.48 { 0.25 153 148 0.44
4.55 1 0.22 133 | 133 0.42
4.58 | 0.20 119 120 0.36
5.00 | 0.17 98 98 ‘' 0.33
6.00 | 0.12 58 63 0.22
4.13 | 0.44 268 232 0.72
4.10 | 0.47 288 248 0.72
4.12 1 0.42 255 225 ! 0.68
3.96 | 0.60 293 270 0.78
4.08 | 0.41 231 225 0.64
3.96 | 0.45 289 275 0.68
4.16 | 0.38 235 208 0.54
3.18 | 0.69 619 1110 1.56
2.15 | 0.55 . 899 794 1.58
2.54 | 1.15 1727 | 1688 2.38
2.73 | 1.24 1953 2221 3,30
2.14 | ..06 1842 2253 2.94
2.14 | 0.76 1253 1750 L 2,31
2.97 | 0.42 610 634 ‘ 1.17
2.67 | 1.35] 2671 2593 4.62
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5. Relationship between Several Kind of Period and the
Inertial Response Force of One Degree of Freedom Column

Ideal elastic one degree of freedom system possesses
its natural period, the value of which can be determined
by eq.(1). If the rigidity and the particle mass of the
system keep constant, it will be invariable.

For lumped-mass reinforced concrete column, its ri-
gidity, by the research throughout the whole procedure,
gradually decreases in the process from cracking to col-
lapse. If the shake table, in every stage, is stopped
for testing the natural period, multiple period values
will be obtained. The author call it zero load period.
It is very hard to calculate the zero load period, be-
cause the elastopladtic rigidity of the column under zero
load is very difficult to be calculated. However, the
initial value of zero locad period and the elastic natural
period are the same (refer to curve (2) in Fig.1l5),

The zero load period is the testing value at the
stage of micro-shake, but the rigidity of reinforced con-
crete members is varying with the changes of lcocad. Th-
erefore, the zera load period can not describe the pro-
perties of the structure under the action of vibrating
load. So, the authors propose a concept of "loaded
period”.

The concept "loaded period"” is proposed correspond-
ing with that of the natural period. The prerequisite of
its existence is that the structure itself is not really
ideal elastic system, the rigidity EI of which is varyving
with change of the dynamic load.

When the action of dynamic load is very small, the
"loaded period” may be equal to the natural period (see

Fig.15(3) ). However, the "loaded period" can describe
the properties of the structure throughout the whole
procedure (from vibrated to collapse), Therefore, it is
a generalized dynamic characteristic value.
fe 0-~— Tast “f Pailure of Resonance
w == Calculation . . e
3 -2 -
Pig.13 2 ’ .
Fig.14 -
[} Lx .
0 71 v 4% I 1P ar ) -7 s o
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Elastic Natural Period

Fig.15 »

Zero Load Perioad

Y

s s & 3 2
7 JO o8 A ey
6.5uggestions on the Period

1) There are some current methods for testing the natural
period:pulse, strike and micro-shake methods, all of th-
ese methods are to calculate the free vibration charac-
teristics of the structure under the dynamic lecad. Such
value of period can only represent the properties of the
structure under the condition of small displacement
(micro-shake )}, but can not represent the actual ones of
the structure under the action of strong earthquake
force.

2) The value of the period of a practically designed
building calculated under the condition of some simpli-
fied assumptions is generally quite different from that
of the period tested by micro-shake method, especially in
the case that the structure of the building is consi-
derably complex.

3) The elastic natural period of lumped-massed system is
the smallest period of the system. With the increase of
the load acting on the structure, this property will
change. It will increase with the decrease of the
rigidity of the structure.

4) If the material of the reinforced concrete structure
comes into elastoplastic stage, the initial natural pe-
riod will not represent the properties of the vibration
in this stage. At this time, what directly relates to
the vibration is the instantaneous period. Hence, in the
practical calculation, the "loaded pericd” is much ac-
cordant with the actual situation.

5) If a structure after an earthquake is in the stage of
severely cracking, it may collapse after a certain time.
It is commonly thought that this is the effect of the
time. If the concept"lcaded period”is used, the phe-
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nomenon can be correctly estimated. After research the
authors suggest that the reason for this be not the ef-
fect of the time but the residual seismic period being
clcse or equal to the period of the structure in the
stage of severely cracking.
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EXPERIMENTAL VERIFICATION of ACTIVE/PASSIVE
CONTROL SYSTEMS

Robert D. Hanson
The University of Michigan
Dept. of Civil and Environmental Engineering
2340 GG Brown Building
Ann Arbor, Michigan 48109-2125, USA

INTRODUCTION

The creation and initial development of innovative
activefpassive control systems for enhancing the earthquake
performance of buildings and other structures during earthquakes
occurs first in the mind and then in the laboratory, However, before
specific active/passive systems will be accepted by design
professionals and the construction industry their theoretical and
laboratory scale performance characteristics must be substantiated

for realistic field conditions.

Base isolators and supplemental damping devices should be
categorized as passive systems unless their characteristics are
controllable on command during the seismic event. Then they
become part of the active system. Similarly tuned mass dampers
should be classified as passive systems unless their properties are
actively controlled. As a consequence of this all elements whose
properties are variable by external command during the seismic
event (such as active mass drivers, gas jets, and active tendons) are
classified as active systems.

Recent research and development efforts in active control have
suggested that combinations of passive systems with active systems
results in better building and bridge performance. These
combinations have been called hybrid systems. Experimental
verification of the performance of hybrid systems should not be
much more difficult to assess than cither the passive or active
system alone.

In some cases the control system itself can be used to help

verify its characteristics. In other cases the material characteristics
are so well known that extrapolation to larger sizes and/or different
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loading speeds can be accepted without full size - full speed
verifications. In those cases where the control system is not capable
of self excitation and the materials or control system are not well
known verifications will be the most difficult. A brief discussion of
current experimental techniques used for active and passive device
tests will lead to a discussion of needed experimental technigques for
active/passive control acceptance.

CURRENT EXPERIMENTAL TECHNIQUES
] lic_or Pseudo-dynamic Tests.

Some base isolators

have been made of rubber
and steel plates with lead or
other material to improve
the device damping
characteristics, Fig. 1. Each
device is small enough so
that full size - real time

Photagraph of FPS

PTFE Bearing Materisl — — Articulsted Friction Shder
Q

\— Spherical Concave Surface of
Fig. 1. Lead-Rubber Bearing [1] Hard-Dense Chrome Over Steel

Section View of FPS

Fig. 2. Friction Pendulum Isolator |2]
laboratory experiments on a representative number of the

manufactured devices can be performed. Other isolation systems
such as friction pads and spherical heads, Fig. 2, have also been
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tested at slow speeds in a cyclic manner. In all of these cases small
scale shaking table tests have been performed to establish the rate of
loading effect on device performance. Although individual devices
have been laboratory tested, tests after installation in their
operational state have not been done.

Metallic yield supplemental
damping devices typically use
materials whose strain rate
effects are well documented, Fig.
3. Thus, static or pseudo-
dynamic tests of full size devices
are reliable and practical.
Although individual devices
have been laboratory tested,
tests after installation in their
operational state have not been
done.

Friction and viscoelastic
supplemental damping devices
have strain rate and size effects
which are difficult to separate.
Small friction and viscoelastic
devices have been tested at real
speeds, Figs. 4 and 5, but full size

devices as would be used in Fig. 3. ADAS Damping Device [3}
g
27 Bm{IFEN
o Cotter culer wedge
{sptiucd into 3 blocksi
+4 {) ¥ N ++
T P 4"
"t Rod ¢ WE A-A
n?#l o-én:ilh a3 Riie (A A}
Connector sprinig Frictions! part Connactor Cross-sectional view

ne 22 CRROAN)
Quter cylinder Cotter outer

wadge
(splitted into Jblocks) (g} RATRUMBHIMONE
{Note) Sizes given abova are for 8 lrictional force at ot

Fig. 4. Cylindrical Sumitomo Friction Damper [3]
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buildings and bridges have
not been tested at real strain
rates. Some of the changes
in device characteristics
with strain rate is caused by
temperature rise resulting
from energy dissipation.
Although some friction
devices are manufactured to
accommodate geometrical
changes caused by
temperature increases
others do not. Most of the
viscoelastic devices have not
considered the temperature
effect caused earthquake
energy dissipation on thick
sections of viscoelastic
material. Static or Fig. 5. Viscoelastic Damper (3]
pscudo-dynamic tests are not

adequate to resolve these size and strain rate effect issues.

viscoelastic
K Pads

P(t) P(t)

The overall stiffness characteristics of active members which
utilize electro-rheological materials can be obtained by static or
pseudo-dynamic tests but their damping characteristics seem to
require real time testing. Active tendon capacities and associated
stiffnesses can be established and verified using static test
techniques. Dynamic performance characteristics will require
dynamic testing in some form. Active mass drivers and gas jets
cannot be tested by static or pseudo-dynamic methods.

Shaking Table Tests,

Shaking tables irn most countries have very limited capacities in
terms of the size of test specimens which can be excited. This
usually means that the structure and device must be at a smaller
than normal size and the tributary mass is usually increased above
its proportionate amount to kecp the excitation frequencies closer to
real frequencies. Thus it may be possible to maintain the correct
strain rates. but the device dimensions will be smaller than full size.
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Shaking table tests have been used to verify analytical
characteristics of structures and devices which were established with
static or pseudo-dynamic test results. This seems to be one of the
most promising techniques for systems which are not both size and
strain rate dependent. If the system has only size dependency, the
system can be tested at shaking table size and full size using static or
pseudo-dynamic techniques. Subsequent shaking table dynamic
results can be extrapolated to full size dynamic results. If the
system has only strain rate dependency, shaking table results can be
compared with static results at different speeds to establish strain
rate factors.

sing Activ ntrol ms_as Testing Forges

Active mass drivers
(AMD), gas jets and active
tendons can be used to
excite the structure in which
they are placed to control,
Fig. 6. Their active driving
of the structure can be used
lo assure proper
performance of the control
devices by inversion of the
control operation to cause
structural motion. This can
be used to establish the
physical performance
characteristics of the system,
but does not necessarily
assure that adegquate, timely
control decisions will be
made. The control algorithm
and implementation can be @l b
verified with shaking table
tests but  size effects for Fig. 6. Structural Model with Active
physical implementation of Control (a) Active Tendon (b) AMD [4]
the control decisions needs
to be performed with the system installation. The final verification
probably will be accomplished only through real event data
acquisition and evaluation.
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NEEDED EXPERIMENTAL TECHNIQUES

The systems which cannot be casily tested are those with both
stze and strain rate dependency. As noted above these include
friction and viscoelastic damipers, and electro-rheological active
members along with others. For these types of systems it is
important to establish an acceptable experimental technique which
can be used to satisfy the needs of the design profession for accurate
performance characteristics and  system  reliability.

It s beyond the goal of this paper to recommend such
techniques for acceptance by this workshop. However, a framework
upon which discussions of possible techniques can be initiated will be
suggested.  In 1ts simplest form:

1. Estublish a procedure whereby the system’s size effects can
be characterized in manner which allows accurate analytical
predictions of system performance at full size from acceptable
reduced size test specimens.

2. Establish a procedure whereby the system's strain rate
effects can be characterized in 0 manner which allows accurate
analytical predictions of system performance at real time responses
from “slower” tested specimens.

3. Establish a procedure whereby the system's size and strain
rate effects can be characterized in a manner which allows accurate
analytical predictions of system pcformance at full size in real time
responsgs from smaller and "slower” tested specimens.

4. Establish a standard for ficld testing and real event data
acquisition «© provide a means tor evaluation of real size, real time
performance of the system.

CONCLUSION

It is important for the rescarch community to establish
experimental procedures for realistic characterization of real size and
real time performance of active/passive control systems. Efforts to
start this process should begin now.

170



ACKNOWLEDGMENTS

I wish to thank the organizers of this Workshop for the
opportunity to discuss these important issues for the development of
active and passive structural response control systems. Financial
support from the USA National Science Foundation for travel to this
Workshop and for support of Supplemental Damping research at the
University of Michigan (NSF BCS-9114755) is gratefully
acknowledged. The opinions expressed in this paper are those of the
author and do not necessarilv represent the views of the NSF.

The following sources were used to illustrate several devices:

1. Filiatrault, A., Sheldon Cherry, and P.M. Byrne, "The Influence of
Mexico City Soils on the Seismic Performance of Friction Damped
and Base Isolated Structures,” Earthquake Spectra, EERI, Vol
6, No. 2, May, 1990, pp. 335-352.

2. Zayas, Victor A., Stanley S. Low and Stephen A. Mahin, "A Simple
Pendulum Technique for Achieving Seismic Isolation,”
Earthquake Spectra, EERI, Vol. 6, No. 2, May, 1990, pp. 317-
333.

3. Hanson, Robert D., "Energy Dissipation Systems.” Proceedings of
the SEAQC Convention, October, 1988, Kona, Hawaii.

4.  Yang, I.N., Z. Li and A. Danielians, "Hybrid Control of Seismic-
Excited Nonlinear and Inelastic Structural Systems,” Univ. of

California at Irvine, Technical Report NCEER-91-0020, August,
1991.

171



ADVANCES IN SENSOR AND DATA
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Introduction

Sensor and data acquisition technology is an integral part of any
structural performance monitoring work, either in a laboratory
environment or in the field. In earthquake structural engineering, the
objectives of such a monitoring program may include: 1) determination of
the forces acting locally or globally on the structures, 2) evaluation of the
structural responses to these forces, and 3) assessment of damage caused
by the earthquake ground motion. There is also the special case of
monitoring involving the use of sensor inputs to modify or control the
dynamic structural response [1]. The results of a monitoring scheme can
be used to develop rational methods to estimate the magnitude and
distribution of forces that :imilar structures must be designed to withstand,
to establish the validity of the analytical methodologies that are used in the
design of the structures (often based on simplifying assumptions and
idealizations), to evaluate the degree of damage and remaining life of the
structures, and to develop repair and retrofit strategies [2,3,4). Structural
monitoring has been carried out, with varying degrees of success, to study
the dynamic responses of buildings, bridges, offshore platforms, and
transmission towers,

Many different types of sensor and data acquisition techniques have
been developed and employed in structural monitoring [2,4]; some are
highly specialized and have unique capabilities. One of the basic functions
of a sensor is to detect or measure the change of a physical quantity and
convert it to an electrical signal that can be conveniently transmitted
through a medium to a recording instrument. The availability of certain
"advanced” sensor and data acquisition techniques makes it possible to
carry out some of the more promising structural monitoring programs
currently underway.

The present authors are all associated with the NSF-supported
Engineering Research Center for Advanced Technology for Large
Structural Systems (ATLSS) at Lehigh University, which maintains a
major research thrust in the area of "Sensing and Infrastructure
Assessment." K.D. Bennett is engaged in optical fiber sensor research for
application to structural systems, while W.P. Li directs a program to
develop a reliable structural monitoring system using advanced signal
processing techniques and very large scale integration (VLSI) technology.
L.W. Lu provides structural engineering input to both of these efforts. This
paper is a brief summary of some recent advances made in two areas: fiber
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optic sensing, and signal processing and data acquisition; both are
considered to have high potential for application to seismic research. The
technology discussed however, is not restricted to seismic monitoring
applications.

Structural Evaluation and Performance Monitoring
Using Optical Fiber Sensors

The result of designing more elaborate structures, using new materials
for an expanding variety of applications, and making more demands on
those structures in terms of performance, efficiency, and reliability, has
been to create a need for a new generation of measurement tools. Although
headway is being made in acoustic, electromagnetic, thermographic,
holographic, and other sensing techniques, few are well suited to dynamic,
in-situ, or internal measurements. An important new technology
emerging in the monitoring and nondestructive evaluation of structures
involves the use of fiber optic sensors to address many of these needs.

Ad ¢ Fiber Optic S

Optical fibers offer the same advantages to sensing systems as they do to
telecommunications. First, extremely high signal bandwidth and low
attenuation are achievable with fiber optic sensors. Second, the dielectric
nature of optical waveguides inherently renders them insensitive to
electrical noise. Third, their chemical structure makes these sensors safe
for certain types of corrosive or high temperature environments which
conventional sensors cannot tolerate. Also, optical fibers can be made
responsive to any number of parameters: electric, magnetic, or acoustic
fields, mechanical displacement, velocity, acceleration, pressure, strain,
chemical concentration, or temperature, to name just a few [5,6].
Furthermore, because of their small size, and more particularly because of
the small wavelength of light, optical sensors can demonstrate extremely
high sensitivity and dynamic range.

Other benefits of fiber optic sensors stem from their geometric
versatility. Glass fibers are thin and light, can be made flexible yet rugged,
and can be incorporated into an endless variety of sensor configurations.
This can include extrinsic designs, where light signals are captured by the
fiber and are guided along its path to a photodetector, or intrinsic designs,
where the signal light stays inside the fiber over its entire length until it
exits at the photodetector; the transmission characteristics of the light
within the fiber are changed by the parameter to be measured. Moreover,
because of their common components, fiber sensors and fiber
communications systems are highly compatible. Thus in many cases the
same fiber which performs the structural sensing may also be used as the
medium over which the sensing data is relayed back to a control station. In
addition, compatibility means that advances in communications
technology, such as in the development of new fibers and integrated optical
components, often translate into enhanced capabilities in the sensor field.
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When considering the measurement requirements for engineering
structures, the inherent advantages and sensing capabilities of optical
fibers make them an ideal candidate for use in real time monitoring. As
attached sensors, fibers can readily be laid singly or in arrays to detect
surface conditions or monitor the environment external to the structure.
Furthermore, optical fibers may be embedd¢ 1 in many structural materials
without introducing significant degradation in material properties [7].
Thus, rather than relying entirely on external measurements, internal
inspection of the structure is enabled where damage is most likely to occur
or where measurements are most critical.

Attached and embedded optical fibers also offer the possibility of
providing for eradle-to-grave structural health monitoring, as embodied in
the relatively new concept of "smart structures.” Fibers placed in an
uncured concrete component or composite laminate may sense internal
conditions such as pressure, temperature, and density during cure,
implying that more accurate processing control and therefore more
structurally sound materials may be achieved efficiently [8,9]. Once in
service, components containing optical fibers may be continususly
monitored, and controls put in place which are aimed at keeping the
structure from experiencing dangerous load levels. Finally, if structural
damage does occur, either because those levels are unavoidably crossed, or
because material degradation such as corrosion occurs, then the same
fibers could be used to detect and quantify the damage. Although a number
of developmental steps must be taken before they can be widely deployed, the
broad range of fiber optic sensor types and configurations offer to
measurement science a new class of tools for use in structural monitoring.

Fiber Optic Transduction Mechanisms for In-Service Monitoring

In the now nearly fiftcen years since research into fiber optic sensors
began in earnest, workers have reported monitoring a host of mechanical
and environmental cbservables by causing the observable to interact with
one of the fundamental parameters of the light inside a fiber. These
parameters can be understood by examining the simplified equation of an
electromagnetic wave propagating within an optical waveguide. If we
assume without loss of generality that the fiber is aligned along the z-axis

and that the light is polarized in the x direction, the total electric field may
be written as

l_'l"(?,t) = Eu(?) cos (wt — Bz + y) gx . (1)

In the output field, the total intensity as a function of position F is given as
proportional te the square of the wave amplitude E,, while the phase of the
optical wave is a function of the optical frequency w, of the propagation
constant B, and of the initial phase y, Thus if the optical intensity or phase
may be determined, than any physical mechanism which alters these can

also be monitored. By the same reasoning, observables may be interrogated
by monitoring changes in the spectral content of the light (note that the
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optical wavelength is related to the frequency and the speed of light in the
material), the polarization state, the propagation time ¢, or the modal

power distribution (giving rise to changes in f§ and therefore the intensity at
each position in the output).

On the structural side, the observable which has received the most
attention is strain. This may be mechanically induced by loading, or
thermally induced by temperature cycling. In the paragraphs that follow,
three important techniques for measuring strain will be reviewed, and a
few of the many existing examples of both quasi-static and dynamic strain
measurements in structures will be presented.

Single Mode Fiber Interf

The earliest strain monitors employing optical fiber sensors were
interferometric in nature, appearing after the original paper on the subject
by Butter and Hocker was published in 1978 [10]. Not long after, fiber optic
interferometers were extended specifically to sensing applicatiens in
graphite/epoxy composites, with sensitivities several orders of magnitude
better than cbtainable using conventional strain gages [11-13]. In addition
to strain due to mechanical loading, absolute and differential fiber
interferometry has been used to monitor both thermally and acoustically
induced strain, again achieving similar high levels of sensitivity [14].

Single mode fiber interferometers may take one of several forms,
including the Mach-Zehnder, Fabry-Perot, Michelson, and Sagnac
interferometers. Because of iis relative ease in application, the Mach-
Zehnder, shown in simple form in Figure 1, is often used to investigate
strain in structures. As in conventional interferometry, light from a
coherent source is split into two paths, in this case generally using a single
mode fiber optic coupler. One arm of the interferometer is bonded onto or
embedded in the structural component, while the other arm is held stable
as a reference. The light from each arm is then recombined in a second
fiber coupler, and optical interference is created. When the component is
strained, the path length of the sensor fiber changes accordingly, and the
resulting phase change modulates the interference output. Also shown in
Figure 1 is the theoretical output of such a sensor; its nonlinear
characteristic is typical of all interferometers. Optical fiber interferometers
have been shown to be theoretically capable of measuring stress-induced
strain on the order of 10°'? per centimeter of gage length, while reported
experimental values range to within a few orders of magnitude of
theoretical [15-17].

By now the number of authors reporting the use of Mach Zehnder,
Michelson, and Fabry-Perot interferometers for strain sensing is
enormous. More and more researchers with a largely mechanical
engineering background are beginning te apply fiber optic sensor methods,
and specifically the single mode interferometer, to the problem of on-line
strain measurement in structural elements. In one example, a Mach-
Zehnder configuration has been employed to accurately isolate strain in one
dimension under the case of biaxial loading [18], while the case of arbitrary
loading of both surface-mounted and embedded fibers has also been treated
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[19,20). Practical concerns arise with these sensors in that they suffer from
the general inability to make distributed measurements. As a result,
certain sections of the fiber must be made insensitive to environmental
fluctuations, while the sensing portion must be exposed to the observable.
Often this approach is not highly effective, leading to relatively low signa!l to
noise ratios, and is at best complicated to implement.

Time Domain Techni

One of the earliest routes taken towards single fiber distributed
measurements made use of optical time domain reflectometry (OTDR)
techniques. Light generated by a pulsed optical source is coupled into the
fiber and propagates as one or more guided modes. As the light travels
along the fiber, it is partially backscattered by anomalies in the waveguide
structure. In otherwise unperturbed fibers, uniform Rayleigh backscatter
caused by the intrinsic molecular structure of the component glasses
results in an exponential decrease in optical power received at the front end
as a function of time. Deviations from this anticipated baseline return
signal may be interpreted as being caused by regions of local fiber
perturbation, specifically local variations in fiber geometry or index of
refraction or both. The location of such regions along the length of the fiber
may be determined by measuring the round trip time of flight of an optical
pulse from the source to the backscatter site and back to the detector.

In what appears to be the first application of OTDR to fibers embedded
in materials, Claus, et. al. demonstrated the ability to locate and m.onitor
regions of stress concentration arising from loads applied to host
graphite/epoxy panels [21]. In this work, measurements were performed
using a communications OTDR unit having a spatial resolution (related to
the temporal width of the excitation pulse) of 16 cm; the experimental setup
and representative results are shown in Figure 2. Since then, refinements
in commercially available OTDR instrumentation have increased the
possible position resolution to nearly 100 um, enabling distinctions to be
made between strain levels which elongate the fiber such small distances.
Employing such a unit, quasi-distributed strain was measured using in-
line air gap splices as time (and therefore position) markers [22,23]. More
recent advances take advantage of re-entrant loop techniques, and may
better the resolution limit by as much as two orders of magnitude [24].

Modal Domain Sensors

The interferometers described above are characterized by several
distinet features. For one, they are extremely sensitive; this is an
advantage in some circumstances, and a disadvantage in others where
some sensitivity can be traded off for stability. For another, they are
somewhat cumbersome to construct, requiring beamsplitting optics, two
single mode fiber paths, and a means to recombine their exit beams.
Another feature, already mentioned, is their non-linear signal output. In
an alternate method, herein referred to as modal domain sensing (MDS),
structural monitoring is performed by causing the perturbation of interest
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to interact with a fiber which propagates more than one optical mode. In
general, any two nondegenerate modes are affected differently since their
phase velocities and path lengths differ; the phase difference between
modes is employed to infer the amount of physical disturbance.

The most basic modal domain sensor consists of a single mode fiber
operated slightly below its cut-off wavelength, such that only the two lowest
order modes propagate. For ordinary communications-grade fiber with a
core of radius a and index of refraction n;, a cladding of index n,, and

propagating light of wavelength 1, this implies that the LP,, and LP),
modes are employed, generally resulting in a two lobe interference pattern
in the output. The intensity of this output pattern radiating from the core
can be calculated as

Itr,¢) = % [Aaz J zguor/a) + A,z ifz—ﬁur—lﬂ cos®
Jo~ (uy) Jy W)
(2)
Jolugria) Juria)
! Joluy)  Juy)

+ 2A5A cos¢ cos (fz - Y

In this expression, Y is the admittance of the waveguide, and A; and A,
are the initial wave amplitudes of the LPj; and LP|; modes, respectively.
The core radial propagation constants u, and u; are fixed for a given
unstrained fiber, and are given as

uy = koaNni-Bolke) ;  u = kpaNnl-Bulky? . @)

The factor kg refers to the free space wave number 25/1, while 8,; and f;,
are the respective mode propagation constants. In addition, the Bessel
functions J, and J, are a function of the radius r from the center of the
fiber, normalized with respect to ¢. The tildas in (2) refer to the difference
1n propagation constants and initial phases of the two modes.

The terms in equation (2) can be thought of as the two self-interference
terms of the constituent modes, plus a third cross term. The self-
interference terms are nominally static with strain and therefore
considered as background, while the cross term changes with z, the fiber
length. Plotting this expression, one sees an asymmetric pattern
consisting of a lobe of intensity which periodically shifts from one side of the
output to the other with the application of axial strain [25-27]. That is, a
dual mode fiber can act as a strain sensor by monitoring the intensity of the
output lobes. Signal recovery is most often accomplished by imaging a
single lobe, or part of a lobe, onto a photodiode through an aperture.

Highly multimode fibers may also be employed as modal sensors.
Assuming the fiber is excited with coherent radiation, the output will
consist of a complex pattern formed by the interference of all modes,
commonly referred to as a speckle pattern. Disturbances on the fiber
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translate to local changes in refractive index and geometry, which alter the
differential phase of the modes and thus modulate the speckle pattern.
With multimode fibers, it is usually the average modulation of several
speckles that is detected to infer perturbations.

The operation of MDS systems has been investigated in detail for the
monitoring of structural vibration modes. The first known application,
developed by Kush and Meffe, used the interference between modes in a
multimode fiber to infer structural mode shape amplitudes [28]). This basic
idea was implemented in a number of configurations by Bennett,
Ehrenfeuchter, and co-workers, using primarily few-mode fibers [29,30].
In their first modal domain fiber sensor, the optical output was
interrogated and processed to yield the dynamic Fourier coefficients of the
mechanical vibrational modes. A typical set-up and results of such a
measurement are depicted in Figure 3.

A number of other applications of modal domain sensors to structures
have been reported in the literature. Subsurface ground vibrations due to
activity on the surface have been detected, with the possible extension to
earthquake monitoring [31,32]. These sensors have also been used to
monitor and quantify acoustic the shock waves and subsequent mechanical
ringdown which arise from impacts to both metallic and composite
structures [33,34]. Higher frequency acoustic emissions have been sensed
using few mode fibers embedded in composite coupons [35]. In all cases, a
single sensor may be laid throughout a structure as a general listening
device, though it may be possible to apply individual point-like sensors and
use triangulation to locate signal sources. Dual mode, few mod>, and
highly multimode fibers have all been employed successfully.

The use of modal domain sensors in monitoring the slewing and
vibration of large, flexible structures has led to the analysis of possible
control system architectures that utilize the inherent and fundamentally
different nature of fiber sensor output signals in feedback control systems.
Conventional contral systems accomplish such slewing tasks through the
use of "point” sensors, that is, resistive strain gages which are much
smaller in size than the structure to be controlled, that are generally
attached at predetermined vibrational anti-nodes. However, since the fiber
strain sensors yield the strain integrated along the fiber path rather than
strain at a point, control algorithms must be modified. The situation is
further complicated by the fact that for fiber elongations longer than the
beat length between the participating modes, often as small as 100 pm, the
signal output takes on the oscillatory nature characteristic of
interferometers. However, it has been shown that this nonlinear sensor
output will not lead to instabilities in the control system if the latter is
appropriately designed [36].

Advanced Monitoring and Data Acquisition System

Structural experiments always involve data collection and processing.
The technology for collecting and processing such experimental data
determines how much and how well we are able to observe the behavior of
the test structures either in a laboratory setting or in the field. Research

178



currently being carried ut at the ATLSS Center will have an impact on this
technology. The goal of the work is to develop remotely accessible,
economically affordable, and highly reliable monitoring systems which will
enhance the capability of assessing performance of structures.

Figure 4 illustrates the idea of such a monitoring system. The entire
system consists of sensors and processor modules distributed on a
structure (a bridge in this case) powered by small batteries, a radio repeater
near the structure powered by a larger battery, and a radio receiver and
process computer at a central facility. The sensors and processor modules
are capable of collecting and processing data on site in real time. Processed
data from each individual sensor and processor module are transmitted to
the radio repeater. The repeater transmits multiplexed data from all
sensors and processor modules on the structure to the central facility. The
computer at the central facility displays the processed data in various
forms. Every sensor and processor module has a unique identification
number indicating the type of sensor, the type of processing, and the
location of the sensor and processor module.

The sensors and processor modules can be set up to perform continuous
monitoring, event triggered processing, or remote controlled data
collection. The continuous monitoring mode is used with structures in
which damage would critically impair human safety. In this mode,
processed data are sent back continuously and compared with a critical
threshold template by the computer at the central facility. An alarm signal
will be triggered when the processed data indicate a problem with the
structure. The event triggered processing mode is used for structures such
as bridges with low traffic load. The data processing and transmission
units will be triggered to operate only when a vehicle is passing the bridge.
This will lower unnecessary power consumption of the processor modules
on the structure. The remote controlled data collection can be activated by
an operator at the central! facility through dialing the identification
numbers of the sensor and processor modules. Issues which must be
considered in such a monitoring system include determining the optimal
number, location, and type of sensors to be used, and the kind of processing
that should be performed on site in real time. It is also necessary to identify
the best means to transmit the processed data to the central office and the
power requirements for both on-site processing and transmission. Once
the processed data reaches the central computer, efficient ways to display
the information contained within the data must be ascertained, and
methods for identifying the proper threshold template established,

The system currently under development is primarily intended for
fatigue damage monitoring of bridges since fatigue damage assessment
has been an important issue in bridge inspection and evaluation [37,38].
The algorithm used for estimating fatigue damage requires rainflow
counting, stress histogram generation, and equivalent stress range
calculation. Using the calculated equivalent stress range and the
appropriate AASHTO fatigue design curve, the total number of fatigue
cycles can be cstimated. The remaining fatigue life of the monitored bridge
member can then be obtained by subtracting the number of used fatigue
cycles from the total number of fatigue cycles.
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As shown in Figure 5, the signal processing module consists of a signal
conditioning unit, an analog to digital conversion unit, a digital filter unit,
a rainflow counting unit, and a histogram generation unit. In the signal
conditioning unit, a low-pass analog anti-aliasing filter with a cutoff
frequency of about 1 kHz is used. Although most useful strain gage signals
have much lower frequencies than 1 kHz, this cuteff frequency was chosen
because it is difficult to implement an anti-aliasing filter with a very low
cutoff frequency in a small analog integrated circuit. A sampling
frequency between 2 kHz and 3 kHz is used for the analog to digital
conversion. A digital low-pass filter is used to reduce the signal bandwidth
further. The frequency response of an ideal low-pass filter equals ] from
—@.to 6, and 0 otherwise, where 8, is the digital cutoff frequency related to
the analog cutoff frequency f. through the sampling frequency f; as follows:

6, = 2”1[5 . 4)
Ly
For example, if the sampling frequency is f; = 3 kHz and the analog cutoff

frequency is f, = 100 Hz, then the digital cutoff frequency is 8, = ;"g

Once the digital cutoff frequency is determined, the impulse response of
the ideal low-pass filter can be determined by taking the inverse discrete-
time Fourier transform of the frequency response as follows:

1" ,- 6 in (8,
hyn) = —J' Hy(w) ¢ do = J—J ¢ P g = SO ®)
2n ) _» 2rm | g, mn

Because we want a finite impulse response (FIR) filter, the ideal impulse
response is weighted by a finite length window sequence w(n) as follows:

h(n) = w(n) hgn) . (6)
To implement the FIR filter, we use distributed arithmetic. Let x(n)

and y(n) be the input and output of the FIR filter respectively. The output is
obtained by cenvolving the impulse response A{n) and the input, that is:

N-J
yn) = Zh(i) x(n-1) . (7)

i=0
Assuming the input is quantized using B bits according to the algorithm

B-1
x(n) = Z xy(n) 2% 8)

b=

then we can re-write the convolution operation as

180



N i B-1 8-1 ,N-
v = D A0 Doxn-p2t = 2, [Z h(3) xp(n -i))z*. ©
i=0 b=0

b=0 \i=0

Because the impulse response A(n) is known once the filter is designed, we
can pre-calculate all possible combinations of ~A(n) and store them into a
memory. The input data will be used as addresses to read out appropriate
combinations from the memary at the time of operation. Thus no
multipliers are needed in the FIR filter.

Because the data rate is several orders of magnitude lower than the
processor clock rate, a fully serial architecture is adopted for the digital
low-pass filter, the rainflow counting unit, and the histogram generation
unit. The fully serial architecture minimizes the number of transistors
and consequently reduces the chip size and increases the chip reliability.

Summary

The desire for greater performance and higher reliability in advanced
engineering structures targeted for use in the civil environment has
created a growing demand for techniques to monitor and assess structural
fatigue and damage. This is increasingly true where the information from
in-service, real time monitors may be processed to make decisions critical
to human safety. A pgoal in present sensor research is to develop
transducers which can interrogate the interior of structural components to
determine areas where damage is most likely to form. This is especially
true for structural elements formed from complex layered media, such as
steel reinforced concrete and advanced composites, where internal
interface conditions may vary from place to place. The inhormogeneous and
anisotropic structure of these materials presents new challenges to
traditional structural monitoring techniques. In addition to catastrophic
damage, modern control systems are also demanding that sensors provide
real-time measurements of the forces external to the structure, as well as
its responses to those forces.

While sensors are vital to any monitoring program, equally important
is a means to make it practically and economically feasible to deploy the
large number of sensors necessary to adequately monitor even a simple
civil structure. Sensors need to be powered, and their outputs individually
tracked. Also, in order to be eventually useable to a human operator, the
vast amounts of data collected must be at least partially processed, and
must be transferred to a remote central control location. To be viable, the
sensors, the signal processors, and transfer components must be rugged
and reliable, while at the same time cost-effective. As discussed in this
paper, fiber optic technology promises to help meet the sensing needs of
advanced structural monitoring, while the monitoring and data acquisition
program described takes a first step towards practical, long term field
deployment of sensing systems.
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Figure 3. a. Experimental set-up for optical fiber modal domain sensing of
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sensor attached to a long flexible beam [25].
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New Developments in Strong Motion Accelerographs

J.G. Diehl
Kinemetrics, [nc., Pasadena, California

ABSTRACT: Modern accelerographs benefit from new technologies in instrumentation. Twenty-
five strong motion accelerographs from eight instrument companies are reviewed. The results
presented by feature, and by application in tabular form. Improvements are discussed and needs

for new resea.ch are presented.
INTRODUCTION

The earthquake engineering community has
historically used strong motion earthquake
data for regional seismicity research, ground
motion studies, and structural response
analysis. Recent interest in site response and
microzonation studies requires increasingly
accurate strong motion data as one
ingredient for the prediction of ground
motions. In the paper introduced at the 10th
World Conference on Earthquake
Engineering, Diehl and Iwan presented the
results of a worldwide survey of strong-
motion instruments.

The purpose of this paper i< to review these
results from. the standpoint of new
developments in technology, and the
implications for experimental earthquake
engineering.

METHOD

The data gathering method reported by
Diehl and Iwan is repeated here. Eighteen
seismic instrument manufacturers were
given the opportunity to supply information
on the features and capabilities of their
strong motion accelerographs. A survey
form (Diehl, SURVEY) was provided with a
standard set of definitions for each feature,
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such as dynamic range, in order to facilitate
comparison. The definition of applications
are presented in the next section.
Manufacturers were allowed to categorize
their own instruments according to the
guidelines. In addition, each had the
opportunity to indicate any special features
of their instruments.

In order to qualify for comparison, an
accelerograph had to meet the minimum
standards for a stand-alone, autonomous
station. This meant that a manufacturer
combining a recorder with an external sensor
package must be willing to sell both units as
a system, including all necessary software
and cabling. Finally, manufacturers were
asked to not provide any information about
instruments they did not intend to
manufacture for at least the next two years.

APPLICATIONS

Several workshops have been held, and

papers written defining the characteristics of
various instrumental arrays (Iwan, Spudich).
Diehl and Iwan use the following categories:

autonomous stations
regional networks
structural arrays
fixed surface arrays



dense three-dimensional arrays
mobile arrays

The basic requirements for each application
are presented in the Legend of Table 1 (page
6). The Autonomous Station describes an
instrument which may not be designed to
cannect to any other instruments, and also
represents the minimum standard for
defining an accelerograph. A Regional
Network is a group of accelerographs
installed in a geographic region for the
purpuse of collecting strong motion data,
and not connected to one another. The
dominant requirement is accurate time.

A Fixed Dense Surface Array is primarily
two dimensional, and designed to study
source mechanism and wave propagation
phenomenon. The controlling features in
this case are high dynamic range, broad
bandwidth, and common time. The 3-
dimensional Dense Array differs from Fixed
Surface Arrays in that they are three
dimensional, adding necessary features of
downhole sensing. Mobile Arrays are
similar to dense arrays, but must be capable
of mobility and autonomy.

Finally, Structural Arrays are dense local
arrays which have the capability for central
recording,.

RESULTS

All data submitted by the manufacturers for
accelerographs which meet minimum
requirements (see definitions) are presented
in the accompanying Table 1 (Diehl and
lwan). Table 2 presents the results by
application.

DISCUSSION

Table 3 illustrates the advances in modern
accelerograph technology over film recording
systems. Clearly, the technological
improvements of digital accelerographs over
their analog predecessors cover all aspects of

the accelerograph system, including
bandwidth, dynamic range, accuracy,
recording capacity, triggering, and pre-event
memory. Also, as indicated in Table 2,
modern instruments can serve in multiple
capacities for different experiments and
applications. Equally important, in 1970
dollars, the cost of these accelervgraphs has
improved dramatically, generally following
the revolution in electronics. As reported hy
Merrill and Reyes, network operation costs
are alsu less than analog accelerographs in
most cases.

The future of technology is even brighter.
For regional networks and structural arrays,
the combination of low cost 12-bit digital
recording and silicon sensors, and
application of digital communications should
produce ever more reliable and cost effective
accelerograph systems. FLASH memory
card systems offer the advantages of digital
recording, with even greater convenience
than film magazines. Kinemetrics has
already announced a retrofit for its SSA-2
product which provides FLASH memory
card recording. The new optian allows users
to retrieve data and rapidly set instrument
parameters in the field just by removing and
replacing the FLASH card. Early memory
card systems relied on internal batteries, and
were limited in usefulness due to a
proprietary interface. The new flash
memaory card system offers lower cost
memory, and is interchangeable with other
PCMCIA memory card systems because of a
common form factor, input/output,
execution software, and power specs, and
the dala are nonvolatile - without
dependence on batteries.

For research arrays, 16-bit systems are
already here with the promise of 20- and 24-
bit systems on the horizon. FLASH memory
cards already offer 20 Mbyte capacities, and
low power 2.5 inch hard disks provide
capacities over 100 Mbyte. Several
accelerograph manufacturers already offer
GPS time code and location receiver systems,
and this technology has rapidly become the
system of choice, both for accuracy



(measured in nanoseconds) and cost
effectiveaess. Portable broad band sensors
provide very high dynamic range (better
than 140 dB) in bandwidths from 30 seconds
to 100 Hz. Interconnect systems allow
concurrent, synchronous sampling of all data
channels for perfect preservation of channel-
to-channel motion phase relationships. New
battery technologies are emerging, driven by
the demand for portable PCs with ever
increasing autonomy. Finally, powerful
microcomputers allow a level of strong
motion data analysis, including multichannel
cross-spectral studies, heretofore unavailable
except on minicomputers and mainframes.

RESEARCH NEEDS

While many researchers continue to develop
better approaches to the processing of analog
film recording data, little has been done in
the development and validation of new
software to take advantage of the new

featur s offered in digital accelerographs,
such as pre-event memory and broader
bandwidth. Figure 1 illustrates the results of
a simple experiment where an accelerograph
was moved horizontally on a table top
(Graizer). The acceleration was double-
integrated without the usual band-pass
filtering, the results corroborated the
physical test within 5%.

The seismic risk assessment of long-span
bridges and base-isolated structures requires
more accurate data on long period and
residual displacements. More research is
needed to evaluate these new integration
approaches, and provide the community
with acceptable software.

CONCLUSIONS

Modern accelerographs offer dramatic
improvements in strong motion data
acquisition. New technologies should
provide increasing performance at
competitive prices. However, more research
is needed to develop internationally
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accepted, proven methods for processing
digital accelerograms with long period
information.
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Table 1 SURVEY OF STRONG MOTION ACCELEROGRAPHS  Page1
R TS L 20 e ol
DESIGN FEATURE SS8A2 SSA-18 S5A3 SSR-1 wih FBA-23 | SMA-1
Sutable Acpbcaions  LANS AN3SD2D ADZD AN
No. of Channels
sl 3 3 7] 3 3
Optional 43 -]
Sample rale {sps) 200 200 200 200
Dynamic Ranga (dB 65d8 9048 [ a0 45
r T3 ) VC, EMF VC, EMF VC, EMF VC,EMF o
Intef | I | | |
Op! E E 3 E
Natiral Frequency (Hz) S0 Hz 50 s0 S0 26
Sensitivity (g) 2 2 2 2 1
OPtonal 1.5.25.1 1,5.25.1 1,.5.25.1 1,5,251 5
Damping (Sscritical) 70 70 70 70 85
Resolution 12 bits 16 bits 12 bits 16 bits 0.005
Bandwidth DC 0 S0 Hz DG 1o 50 Hz DG 50 Hz DC o S50Hz DCB 25
Low-pass fiter 2 , 50 Hz 2 , 50 Hz 2-pole, 50 Hz 48 -12
character &?g‘ Br: Bu \ Buterworth, Butisrworth,
Preamp (ﬂ) 080,20
Noise (g LS8 0.00098 LS8 0.000061 LSB 0.00088 LS8 0.000061 <0.005
InLSyshm F.Test SU SU suU sU SuU
Sensor Interface SE, 100k +/-12,3 SE, 100k, +/-12,3 SE, 100k, +/-12,3 D 1c0(,+/ -12,3016
Extemal Indicators PE PE PE PE
MSCID MSCID IMSCTD u,s.r;m MSCT
Trigger Modes
Threshold Thisshold Threshold Threshold, STALTA | Threshold
. TI12Hz Ao 12H2 I 12Hz A0 12K 110 10 Hz
range 002-.2/002 .002-.2/.002 002-2/.002 .002-.2/.002 0.005 10 0025
Pre-event memory (sec)
ch, 200 0,1.25255,10,15 |0,125255,10.15 |0.125255.1015 |01.25255,1015 0
Post-event hold (sec) 10,15,30,60,90 10,15,30,60,90 10.15,30.60.90 10,15,30.60,90 7020 mn
Recording medum
s CSRAM CSRAM CSRAM CSRAM flm RAR2494,70mm
OPTICNAL Hard Dsk
Mom.Backup Ballery (type) | Lithium Lithium Lithium Lithium
Recording capaaity (min gDC2 180C2 25DCz2 1 25min, hult
OPTIONAL 29 108,18 430,18 84,14 RAM, 2800 HD
Playback hamdware 1BM Compatible PC | IBM Compaiible PC | IBM Compatble PC | IBM Compatible PC | Dark Room
Comm Software QuickTalk(TM) QuickTalk(TM) Quick Talk(TM) CruackTab(TM)
OPTIONAL any XMODEM any XMODEM any XMODEM any XMODEM
Retneval Method T T T M
OPTIONAL H
Transfar Rate (baud) 38400 115200 38400 115200
Clock stabibty
standard (accuracy, 1X10E-4,-20085C | 1X10E4,-200085C | 1X10E4,-20085C | +-2X10-720-70C | +/-2x10-3,-200056C
lemperalure range) aging Sx10-7
OPTIONAL IX10E-7, 0 10 +50C | +-2x10-7,-200070C | X10E-7, 0 b0 +50C 3x10E-7, 0 1o +50C
aging 5x10-7
Synchronization MAR M.AR MAR M.AAS.AR AS
optional M.AAS MAAS AR MAAS
Receivers GWMD GWMD GWMD GWMD WMD
Power supply
st (#batts volts. cap) 1,12VDC.6.5Ah 2,12VDC,6.5Ah 2,12VDC 6.5AN 2.12V0C,6.5Ah 2.2 5Ah 8V
extemnal +12VDC +12VDC +12VDC +12VDC +12VDC
Cument Drain (milliamps) approx 75 ma approx 140 ma approx 75 ma approx 140 ma 0.15mA
ang ‘ 4 dava dcays ddays 4 days
Si2n (LxXWxH in cm) 2T 10x38 A0nd 1x20 15" rack mount 234 1x43 + 13x13x6. | 20135 Sx2)
Waeight (Kg) 12 18 deponds # ch 17 +23 n
Oparating Temp (C) -20C 10 +65C -20C 10 +85C -20C 1 +65C -20C 0 +85C -20C 10 +55C
Humidity 100'% W% 100% 100% 100%
Data Reduction
Sofware Availahle DpP DpP op DP DP
RaCOL RaCOL 124 o N - o\ NE——
Company Noles 'wmaonqur SMA-1 equivalent digital performance
sample rate = 160 5;:!
resokition = .0035g
baochdbe Lio SOHZ
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Table 1 SURVEY OF STRONG MOTION ACCELEROGRAPHS Page 2
LT e 3 LA T £ =5 ot o R = 1 2 Tenp e ) ol
DESIGN FEATURE DACS-omega SM 16 Super | DACS-omega ME-16 ACD-3E 72A-08/C T2A-06/G
Prica i ) UNIT0 14 L 1) L IEE1- U 517 - Su—
SutableApohcations  JANDMS  TANDMS ANS MD3IDSNA ~ IMDIDSNA |
No. of Channels 3
sd 3 3 % 3 (with dual gain)
Optional 6 ( w/o dual gain}
Sample rats (sp8) 100,200 106,200,500, 1000 100,200 §00,250,200,125,100 500,250,200,125, 100
50 3ps 50 sps
Dynamc Range (dB 96 + 1808 tango) 96 + 8B0dB (gain tange) | 66 90 dB 90dB( 140d3 dual gan
Sensor T) ® S g S (o S S5 ) gan)
Intel E E E E E
Optional
Natural Frequency (Hz) NA 150 | 50-100 Hz
Sensitvity (g) 2 2 29 2
Opwnd(g 5 10 05 15 05025 1,5g 1,0.5,0.256 SEE NOTE 1 ??0 501
Damping (Ycritical) 0.7 08 o7
Resolution <1049 <t0-6£ 0.001 Txt0-5G Tx10-5G SEE NOTE 3
Bandwidith 0.08 ip 25.50HZ 0.08-25.50,125-250HZ | Dc-3CHz DC 0% ol SH. DClc 40% of SR.
Low-pass fiter -2 72 -90dB -90d8
character Butterworth FIR (digital filter) FIR (digital filter)
Preamp (dB) 0 %o 18d8.6dB skaps 0w 80dB, 10dBseps |na 0dB 0dB and 54d8
Noise (q) <0 uV «<02uv 0.001
Int.System F.Teat SU SU P 0 (stop) 0 (slep)
Sensor Inlerface 1 +/-18VDC 100K, +/-15 VD SE, +12V, 3 D, 2Meg, +12V, 386 D, 2 Meg, +12V. 26
Extemnal Indicators PETH "1 PETH ‘1 P,E TH, Low Batt
interconnact SCT 1D
Trngger Modes LEVEL, STALTA LEVEL, STALTA
chamcer thrsh ext, STALTA rat thrsh,ext, STALTA raL Threshold , Time mal, Time
bandwidth G.1TOSHz "2) 01 TO20Hz *2 1-10 Hz. same as instrument same as nstumaent
range 1 LSB step 19uV-5v 1 LSB step 18uV-5v 0.1 10% Range IZGW 17-:7,768 his Lovel 1-37,768 ents
L 7X1Q-5G) K
Pre-event memory {sec) 102563
3ch, 200 sps 0-3000 samp, sal_"3 0--3000 samp, sal. *3 0-150s 00018 incr 0-1508,0 D018 ncr
Post-avent hald (sec) 1~988, 1 secincr 1~994, 1 sec incr 15128 0-99.9992.0.0018 ncT 0-99.999s5.0.001s ner
Recording medium
sid memory card memory card CSRAM HD,234MB FORMATTED | HD,234MB FORMATTED
OPTIONAL
Mem.Backup Battery (type} | dry batlery {(intmi) dry battery (intml} Lithium NA NA
Recording capacity (min 15 15 7m. 1500 min (25hrs) 1500min dual gain
dual gain
OPTIONAL 45,15 4515 3000 min (S0hrs 3000 min (SChrs
Piayback hardware Diaplay pmier,attchd Display pmiter, attchd Rampack mader | PC, SUN mﬂKSTATION PC, SUN %HKSTATION
Comm Soltware Acal PASCAL SW, FSC "2 PASCAL S\W, FS5C *2
OPTIONAL playback playback Pitsa, DaDisp, Matiab Pitsa, Dalrsp Matlab
Retneval Method M, T( bpa) M T bps) M T(SCSH TOTAPEDISK | PCORSUN
QOPTIONAL data transmission data ransmission T (MMODEM) TOPC T (XMQDEM) TOPC
Transfer Rate (baud) software {modem dir.) software {modem dir.) 58 Kbylew/sec (SCS1) 58 Kbytes'sec (SCSI)
4 °4
Clock stabikity
standard (accuracy, 5x10-8 Sx108 + 2x¢100-3:0-50C | 5X10e-7 {0-50 C) 5X10e-7 (0-50 C)
\emperature range)
OPTIONAL +- 5x108-6;0-50C | 3X10e-7 (0-50 C) 3X10e-7 (0-50 C)
S\mchmvgalmzaum A A AS A AS A AS
opl
Receivers WM. J WM. J W.M,DMSF G,M(or any TrueTime G.M(or any TrieTime
Pawer T2A-04 aux. pwr sply 72A-04 Aux. pwr sply
sid (#batis,volts,cap) 100V AC 100V AC 1,6.8Mh,+12 Vdc | {EXT), two powersomc (EXT), two powersomnc
po-1265, 6.5 AH sach ps-1265, 6.5 AH each
exlemal +12 Vid +12Vdc +12Vdc
Current Drain (milliamps) 184w 184w 150 mA max. 250ma 250ma
f 2.days 20days 20days
e
S‘?;J“WXH inem) A6 S2? 036 .27 36X22¢ IDQIX19+3DR1X12+50n8 | IDR1X19+IDC 1x12450N5
Woeight (Kg) 95 9.5 12 11 kg + ssnsor 11 kg + sensor
Housng glass fiber case glass fiber case Aluminum , saalad polyathelene, soaled
Operating Temp {C) Sl +50 510 +50 S65C 200 +60C 20b+60C
Hurmidity 95% noncondensing 95% noncondarsng 100% sealed (ar 2.5 psi) saaled (ar 2.5 ps)
Data Reduction
Software Avaiable D.P D D
H MBMOryY MMANNg, mErgm,mggorbvd 1 , 1 1.:'&. iﬁﬂl ;ég&i
Company Nolas 2 user specity *2 Field parametars setup for PC
“3 @100 aps 0-30s6c in 186C INCrements *3 2x10-7 high gain
*4 Software uaed on PC computer. Serial pon
is standard at DACS-omega
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Table 1 SURVEY OF STRONG MOTION ACCELEROGRAPHS Page 3
STSCOM 45103107 S e=1020)" |
DESIGN FEATURE T2A-08/GDH MR 2002 A-500 A-900 IDS-36025
ANS AN AN AND
No. of Channels
o 3 (with dual gain}) 3 3 3 k]
Optional & (wio dual gain) 0 0
Sample rate (aps) 5580250,2@.125,100 200 SPS 200 200 1000 NOTE 3
ps
Dynamic Range {dB) 90dB{ 14008 dual gain) 66 86 90 126 NOTE 4
Sensor T ¢ 8 o Ve PE S PE. 8
Inbmalls‘xma[ E E [ [ Intemal
Opbonal \ E E
Natural Frequency (Hz) 50-100 Hz B50 Hz 1280 Hz 200 Hz 70Hz
Senatvity (g) 2g 29 w2 2 2
OPtional 1,050 105025 1,5.25,1
Damping (3oritcal) 08 07 5% 70%
Resolution x10-5G SEE NOTE 3 12bis 12 bits 16 bits 85 X 106
Bandwdth DC o 40% of SR. DC50Hz 0.110 S0 HZ 0OC w0 50 HZ 70 NOTE |
Low-pass filter -80dB 6-pole, S0 Hz 60 80 NOTE 2
character FIR {cigital filer) Butterworth Butterworth butterworth
Preanp (dB) 0dB and 54dB odB 0.6,12,18 0.6,12,18 12,24 36
Noise (g) <0.0001 0.0006 0.000044 47X 10 6
Int Sysiem F Test 0 (swep) su SU,P, 0O SU,P.O°
Sensor Inerlace D, 2 Meg, +12V, 36 8E, 100K,0V, 85V D, »1M, +153 D, >1M, +153
Extemal indicators E H O:runvimem ET, 0 ETO ETH
[ nisrconnoct MSCID CT I
Trigger Modes LEVEL, STALTA
charactar , Time filtered threshold Thrshold, axtemal Thrshold, extemal Treshold STALTA
; same asinstrument 05-15Hz 0.1-12 0.1-12 312
fange Level 1-37,768 ants 0.1-5% Al acale 0.002-1.9580.002 0.002- 1 3980 002 0.002-1 998/0 002
[2G 0 MI0EGY
Pre-event memory (sec)
3 ch, 200 sps 0-150s,0.001s incr 1-17 s8¢ 1 s8C incr 1-40¥1 1-40/1 1-98/1
Post-event hold (sec) 0-99.989s.0.001s incr 1-30 38C 1 86C INCT 1-10000/1 1-10000/1 1-99/1
Recording medium
std HD.234MB FORMATTED | CS RAM CSAAM CSRAM CRSRAM
OPTIONAL MEM CARD (JEIDA) None None
Mem Backup Batlery (type) | N/A LITHIUM Lithium Lithium Lithium
Recording capacity (min 1500min dual gain 150C25 15.0 28.0 20C2s5
OPTIONAL 3000 min (S0hrs 240IN4 120,15 112,14 132/22
Playback hardware PC, SUN %HKSTATION PC,0R MODEM + PC 1BM Compatible PC | 1BM Compatible PC | IBM PC Compatble
Comm Software PASCAL SW, FSC =2 LINK, PREVIEW Torma SDRA
OPTIONAL Pitsa, DaDisp Matab VIEW 2002 ASET, Croastak ASET, Crosatak
Retneval Method * SEE PRIOR T T T
OPTIONAL TOMODEM) T PC M
Transier Rate (baud) 58 Khytea/sec (SCSI) 38400 38400 38400 115,200
Clock stabeity
standard (accuracy, 5X10e-7 (0-50 C) +- 2X10-5 +1 x 10-4 from +1 x 10-4 from +/-1X10-6, ¢1050C
lemperakure range) FROM -20.85C -20l0 70 deg. C -201 70 deg. C 1X106 AGING
OPTIONAL 3X10e-7 (0-50 C} +/- 1x10-7,-15076C +5 X 10-7 from +5 X 10-7 from +/-3X10-7, -201070C
5x10-7 aging 2010 75deg. C 2010 75deg. C 1X106 AGING
Synchronization A AS M A M, AR M, AR M.A, AS
opt AS M, A AR M, A, AR
Receivers G,M(or any TueTime DMW GWME.D GWMED W MO- Any IRIGE
Power supply T2A-04 aux. pwr sply
std (#balts,volis.cap) { , two raoMc ONE 12vdc 6.5 Ah 2, +12 Vek, SAH 1, +12 Ve, 17AH 1, 412V, 24 Ah
ps-1265, 6.5 AH sach
exiomal +12Vde 12vdc 11-14 Vde 11-14 Vdo
Current Drain (miliamps) 250ma 125 mA 265 at 12 Ve 226 at 12 Ve 126 mA
Caoa i 20558 24caya___ . liSdaya i0days 40
Size (LxWxH in cm) 32“21)(19-&3321!124% 2002311 INZT7T 22 8 027 22 8 35.8X305X203
ight {Kg) | 37 HQ + sBNsOT 69kg 205 24 214
Housng peiyethelene, sealed sealed cas! Base cover of cast Base coverofcast | Sud, Steel IP65
auminum " aluminum-c: OPT Stanless |P67
Operabng Temp (C) 2010 +60C 201065 -20 b 465 deg. -20 10 +65 deg. 2510+70C
Hurmicity soaled (arr 2.5 pai} 100% 0-100% non-condenai | 0-100% non-oondensi| 100% (Non Condens)
Data Reduction
Software Available D D.P None None 0.P, DSP, YOL
LOETIONAL, RSEEXOLLETISA RE L
Company Notes Parameler sstup “*2 Low Baltery
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SURVEY OF STRONG MOTION ACCELEROGRAPHS

4 With gain range;

3 1000 sps per channel is digitally ltenad

90dB at fixed gain

Tabie 1 Page 4
TERRATECH B30
DESIGN FEATURE iDS-38028X 1DS-3802F 108-36020 DCA 333R DCA 300R
Proe 37 aE00 LNt k ) :
| Siflabie Acglicationa . LAND.ID S AN 5
No. of Channels
sud 3 ala 3 6
Optional 123
Sampio rale (spe) 1000 NOTE 3 1000 NOTE 3 1000 NOTE 3 100 100 o1 200
Dynamic Range (dB) 126 NOTE 4 126 NOTE 4 126 NOTE 4 66 66
Sensor T S,0 Acospts Sensor | S.0 Acoaplts Sensor | S,O Accepts Sensor | S ]
Inte E E E | E
Optional E
Natural Fraquency (Hz) 70Hz oMz 70Hz 0 30,50
Senaitivity (g) 2 2 2 1 1
OPtona 1.5.25.1 1.5,25.1 1.5.25.1 2,525 2.5.25
Damping (Ycritical) 70% 70% 70% T0P% 7%
Resokution 95 X 106 95 X 108 95X106 0005 0005
70NOTE 1 70 NOTE 1 FONOTE 1 0 30 of 50
Low-pass fillar BONOTE 2 SONOTE 2 90 NOTE 2 30 0
character Butierworth Butierworth Butierworth Butterworth Butterworth
Preamp {dB) 12.24,3%6 12.24.36 12,24,36
Noise (g) 47 X 106 A7 X 106 A7 X106 24x104 2.4% 104
Int.System F_Tast P P P P P
Sensor Interface SE >35K, +-123 SE >35K. +12,3 SE »>I5K, +/-123 SE>10K, +/12,3 SE, >10K, +/-12,12
External Incicators ETH ETH E.T.0 Led Indicator [ E,T,0 Led Indicator
M s c 1D MSCID
Trigger Modes
character Treahold STALTA | Treshold STALTA | Treshold STALTA | Threshold Threshold
bandwidth 1-12 1-10 110 110 110
range 0.002-1.996/0.002 0.002-1.998/0.002 0.002-1.9960.002 001-.1/001 .001-.1/.001
Pre-avent memory {sac}
3ch, 200 1-99/1 19871 1-9971 4 @ 100 spsonly 64-3.2/.64
Postovmt hdd (sec) 189/ 1468/ 19901 15 15
Racordng medum
sid CSRAM CSRAM CSRAM CSRAM CSRAM
OPTIONAL Dugtd Cassetto Digital Cassette
Mem.Backup Batlery (type) |Lithium Lithiurm Lithium Dual Littum
Racording capacity (min 20DC25 20DC25 220C25 320(31501005?3160615
OPTICNAL 132722 13222 132/22 296/32 48/16
Play harmdware IBMPC table |1BM PC COMPATIEL | IBMCOMPATIBLE |IBMPC ) 1BM PC able
cuz‘b"a‘dl Software Tera !:‘;lf)(‘a);\'l'(&a Tema SORA Teowra SDRA Tema TRAG%“mw‘e Tema Tﬂ%ma
OPTIONAL
Retrieval Method T T T T T
OPTIONAL
Transler Rals (baud) 115.200 115,200 115,200 9600 9600
Clock stability
(accuracy, +-1X10-6, 0050C +/-1X10-6, 01050C +-1X10-6, 0050C 5X10-6, O 1o 50C 6X106,0 10 50C
temparatre ranga) 1X10-6 AGING 1X10-6 AGING 1X10-6 AGING 5X10-6 Agng 6X10-6 Agng
Ol «/3X10-7, -20l070C | +#/-3%10-7, -20070C | +/-3X10-7, -20lc70C | 5x10-7,-251050C 5x10-7,-25050C
1X10-6 AGING 1X106 AGING 1X106 AGING 5X10-7 Agng 5X10-7 Agng
Synchronization MA, AS MA AS MA AS M.AR MAR
Racaivers WMO-AWIRKGE | WM O- Any IRIGE WMO- Ay IRIGE  [WM WM
Fower supply
std (#batts voits,cap) 1, +12V, 24 Ah 3,+-1286, 18 Ah ot 2,5V, 8Ah
exemal +12v +-12V
Curront Drain (miiamps) | 125 mA 100 mA 125mA, 80 205
2 40 kY 5
v
Size (LW in con) 35 6X30 5X20.3 38 X25 X 18 asX48X30 30X30X15
ight (Kg) 20.2 BS 19 10
Housng Sk, Steel P65 Formed ABS Plastc | Rack Mounl, Steel Sid, Swel, IPB5 S, Steel, IP6S
) PT.Stanless IP67 | W/Remov Battery Pac| Panel (197} OPT Steei, P 67 OPT Steel, IP 67
Operating Temg (C) 251 + T0C 2510+ 70C 251+ 70C 23 10 +60C 3010 65C
Humidity 100% (Non Condens) | 100% (Non Condens) | 100% (Non Condens) | Sid. Housing 85% 100%
QPT Houaing 100%,
Data Reduction
Software Avaidabie D.P, DSP, VOL lD.F-'. DSP. VOL lD.li'. DsP, VoL o.pP 0P
n 10 Hz steps
Company Noles 2 Digital fer at 48dB par octave below 70 Hz.
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Table 1 SURVEY OF STRONG MOTION ACCELEROGRAPHS Page 5

DESIGN FEATURE Cv- 60t CV - 701 CV-901 SAMTAC-18X SPC35
Yo T L0 DAL <Ko R I 4 1 o VLT T X

jSuitable Ackcations NS NS NS 30 M
No. of Channels

ad 3 3 3 16 3

Oplional 8 60ORB
Sampie rate (sps} 100 100 50,100,200 50,100,200 1~1000 {1,2,5 Reps)
Dynamic Range (dB) 26 9% 96 120 9%

Senasor T S s s 5 S
Inbmal/&md [ 1 t [ E

Optional E E 13 3
Natural Frequency (H2) 100 100 100 100 100
Senasitviy () 1.02 1.02 1.02 1.02 1.02

OPonal 05,2 05,2 052 052 2
Damping (%ecrtical) 841070 64070 640 641070 641070
Rasostion X105 3X10-5 axios X106 105
Bancawidth DC~47 DC-47 DC-47 DC-50 DC-~1/3 sample Hz
Low-pass filler -12 -12 -12 12 -12

chamcler Butierworth Butierworth Bullorworth Butierworth Digetal filter
Preamp (dB) 6 6
Moise {g) IX10-5 3X105 X105 2X10-6 105
Int Systom F Test O NOTE 1 O NOTE1 © NOTE 1 N N
Sensor Interface SE, 100k, +/-15v.3 SE. 100k, +/-15v,3 SE,100k,+/-15v,3 SE, 100K, +/-15V,1| SE, 100K,+/-16V,3
Extemal Inchcators AN E.T, PETO ET, PETC
inlaroonnect SCT SCT
Trigger Modes

characler fitered threshold fitarad thmshold fiterad threshold fitored threshold | threshoid

baricwidth 0.07-7 007-7 0.07-7 0.07-7 007-7

range 0.0002-0.01 0.0002-0.01 0.0006-0.1275 0.0005-0.1275 0.001-05
Pra-event mamory (sec)

3 ch, 200 sps 5 {100 sps) 5 (100 sps) 5-20 25~15 0-25
Post-avent hoid (sec) 54 sec/event 54 sec/svent 0~30 0~30 0-60
Recording medium IC CARD IC CARD IC CARD IC CARD

std MAXELL ML-128PC | MAXELL ML-256PC | MAXELL ML-1024PC | MAXELL ML-1024| FD, HD

OPTIONAL
Mom. Backup Bafte! (lyga) Mercury cell Mercury call Mercury cell Mercuty cell
Reoan:i\gmpau’tylzmn 128 Kbyte x 2 256 Kbylas x 2 1 Mbyle x 4 1 Mbyte x 4

7.2(100 sps) 14.4 (100 3ps)* 116 ° ® 16 {F D).540(H.0)
OPTIONAL
Playback hardware DAC-100 DAC-100 DAC-16X DAC-15X
Comm Software MS. DOS

ORTIONAL
Retrieval Method MO NOTE 2 MO NGTE 2 M.O NOTE 2 MONOTE 2 MO NCTE 2

OPTIONAL
Transter Rate {baud)

Clock stability
standard (accuracy, 1x106, 0-40C 1x106, 0-40C 1X10-6, -10-50C 1X106, -10~50C | 1x10-6, 0~40C
temperalure range)
OPTIONAL 1x10-7, -20-50C 1X10-7, -20-50C 1x10-7, -20-50C 1x10-7, -20-50C
Synchronization A A A A A

optional
Recavers G, NHK 0O, NHK O, NHK Q, NHK O, NHK
Power supply

aid {#balts volts cap) one, 12v one, 12v one, 12v one, 12v one 12vDC

axtamal 100vac, 12vdc 100vac, 12vde 100vac, 12vdc 100vac, 12vde 90-240VDC
Cument Dram (mitiamps) S00mA DC S00mA DC 700mA DC 550mA DC 380mA DC
. 1houry 1 heuyes dhous 2hous
Size {LAWxH in om) 24 7x35x31 24 Tx36x31 JMxd>27 33X475X152 33xdEx17
Weught (Kg) 16 18 24 8 10
Housing cast auminum case | cast auminum ~se | cast aluminum case | cast aluminum cas] aluminum altache cas
Operatng Temp (C) -10-50 -10-50 -10-50 -10~-50 0-40
Hunmidity 100% 100% 100% 100% 0%

Data Reduction
Software Avaiable ppP D, P D, P D.P oPrP
Company Nolos NOTE 2 Tolemetry Inwarace
* Editonal abiity, strong 16 data are
solacted and saved automatically
JNQIE. Stmog S lor CV.E01)




Table 1 LEGEND Page 6
Appiicaions with proferred featuree:
A - ALtonamous Staliona i Dunuiqprh.formup‘ha':omfsoomtty. N

Mnimum acoslerograph Export usually higher to cover wamanty, sales costs

a. triaxaal, o accelaromelss phces

b. deacriminating, ' Exwamal indicators

chhgsydﬂumw P - AC power applied

3 mntonps supply F v

®. unini v - r

I.onvimtmﬁmmg H - staw of health

N R a2 30 Hz

pre-event mamory
trigger ranga 0.01 1 0.02g
dynamic range 60dB
high clock stabity
extendad power capacity
2g sensors
common btme

D - Denas Surface Fixad
bandwidth .1 1o 50 Mz
dynami; range 12008
common time
45 min slorage capacity
M preevent Imematy 2 ssc
smart t

duiebleproamp
3D - Dense 3D Ara
asn'D'phsdomhobunoor
borehcle package

meoans of orisntation
means of ecovery
downhole cabiing
M - Mobile s
asin‘Dplus )
very high recording capaaily
common tme
.
size
ruggedness
easa of eld operaton
S - Structural Arrays
ity of remols sensors
capabiity of more than 3 channels
AcRh min .1 o 30HZ
common start, common ime,
comimon sampling

Dynamic Range = DR = 20log 1 O(xmax/xmin}

where xmax is the maximum insiantanaous
value of the signal hat can be
ransmitied by the sysiem without
distortion

and xmin is the minimum detectable value
of the signal generatwed by the
transducer at the output display

units are 9B

Noisa = RMS value of bacikground sysiem nowse, ing's

Tima synchronization

M - manual, by daproeasing key or swilch
A- m.mmmc,umuhodammm

AS-30 *am and synch’

AR - st manually, and then advance and retard
10 synchronize while watching indicator

Twme Stabiity is usually expressed as an acouracy

over a iemperatNe range.

O - other, sxplain below

Accele: Interconnect

- master atart
S - slave start
C - common start, any instrument
T - common time shared by all
D - common sampiing

O - other, explain

M - remove and replace madia
{card, casseite)

H- mmaﬁmptamhamdnk

T - transler

A - transfer ASCI dala

O - other, explain

Sonsor T?opnzodecm: slement

VC - vanabie capacitance element
S - servo
EMF - slectromagnetic feadback

Sensor interface (Extemal)
SE - single ended

chms input mpedancs
power supply available in volts
numnber of channels

Recording Capacty. DOx indicales data compmssion

where x 18 approximals comprassion ratio

Data Reduction

Software
D - display software, for use with
*Dlaryback il
P - waveform prnling softwara
DSP - digrtal signal processing software
VOL - baseline and mstrument commection,
and double integration software
| - IASPEI software: SUD_Sb;p;t
conversion or compabbility
avalable IASPE| software
PIT - PITSA saismic wavelomn analysis
software

Recsivara

G-GPS
W-WW\B

M -OMEGA

E -GOES
D-DCFT7
J-WY

O - other, explain

NOTE: Genherally, fealire capaciies can be expressed as x.n where x i3 the maximum value and
n is he ncrement. Exampile: oplional memory sxpressed as 72,9 means that a

mmolnm.“nnmmm
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Table 3

ADVANCES OF MODERN ACCELEROGRAPHS

ml
FEATURE FILM RECORDER DIGITAL
(SMA-1) ACCELEROGRAPH (SSA-2)
-
Recorder Optical Digital
Recording Media Film FLASH memory
Playback Darkroom PC compatible
Bandwidth .1 to 25 Hz DC to 50 Hz
Dynamic Range 100:1* 2000:1
Capacity 25 min (full magazine) 9 min, expandabie to 72 min
Pre-event Memory -100 miliiseconds 0 to 15 sec
Powar Supply single +12VDC supply single +12VDC supply
Trigger Verticle, 0.005 to .0259 Triaxial, weighted, .1 to 10%
ot full scale
Data Retrieval Compatibility Any darkroom XMODEM protocol
Phase Between Records IF Common Time, Interconnect for common
about +/-20 msec, otherwise sampling
none
Auto Documentation None {manual only) More than 60 parameters
autoratically recorded

* 1000:1 with digital processing
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Figure 1
SSA-2 DISPLACEMENT EXPERIMENT
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Shaking Table Waveform Correction Based on Least Square
System Identification

Yin Jianhui
Department of Electrical Engineering
Shanghai Institute of Railway Technology

Bao Zhiwen
Department of Civil Engineering
Tsinghua University, Beijing

ABSTRACT

Dynamic of load analysis for siructure models often requires the reappearance of orig-
inal waveform on shaking table. Traditional waveform correction method is an analogous
one. In this paper, a method of reversed system prefiltering based on least square system
identification is proposed. An FIR maodel is used to simulate the system between the signal
input point of shaking table and response output point of shaking table. A set of least
square equation to be solved for FIR sysiem coefTicients can be obtained by minimizing the
square error between the measured system output and an estimation from the FIR sysiem
output. An efficient algorithmic solution for the normal equations has been developed. If
the assumed FIR system is of duration M samples, the solution requires a number of
computational operations proportional to M? and storage of normal equation coefficients
proportional to M. Se, it is possible to use a microcomputer to do it.

The results obtained by the method above and those of other waveform corretion
methods such as sine dwell method, estimation in frequency domain based on Fourier
Transform are compared. It is proved that waveform correction method based on least
square system identification is effective in dispelling the influence of load mass.

INTRODUCTION

In simulating seisimic experiment of structure models, an obvious characteristic is that
the model is heavier than the table, cven times than the table. Because of the reaction force
between model and table, the system feature is seriously influenced. The beavier the load
mass is, the narrower the sysiem dynmaic range is, especially in a destrayed experiment. Ttis
not avaliable to regard the aluminium table and table diameter as rigid bode in great
scceleration. This means that the system transfer function is time—varying with model from
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elasticity to destroyed. This is the primary factor that accounts for the distortion of shaking
table response wavefarm.

It is necessary to correct the feature of shaking table for the reappearance of original
scisimic waveform on shaking table. First of all it is to detcrmine the standard of simulating
seisimic surrounding, Usually, there are two different standards of simulating seisimic sur-
rounding.

1. Power Spectral Density (PSD)

2. Scismic Waveform Time—process (SWT)

For the former, the eagry distrubution of frequencics is considered important. There
are many different time—process to corresponding same power spectral density. So, the
time—process of waveform is not a sole one.

The latter, also called standard of Fourier Frequency Spectrum, presents seismic
waveform time—process with information in frequency domain. The amplitude and the
phase of frequency is determined by Fourier Transform’s one to one transformation,

Here, we choose the time—process as standard of simulating seismic surrounding.

WAVEFORM CORRECTION METHOD WITH COMPUTER

Fig.1 is an idealized shaking table block diagram. H(jw) is the transfer function

! ' ' between the signal input point of shaking
x{t)==1 H(jw) 1-- ¥(t) . o _
. ' table. x(1) is a driving signal. y(t) is response

acceleration signal on shaking table. Here,
we assume H(jw) as linear system and H{jw)
does not change too much during adjacent test which has close energy level of driving
signal. S0, we can use the transfer function obtained from the above test 1o caculate the
: ""_“t""""i 5 """" 3 oext driving signal
x(t)==- E _tl_i'_":l_: --------- ' _lfif‘:l_ o yit) until required caergy
level is reached. This
process is called
iterative control. If we can get the transfer function H(jw) exactly, according 1o Fig.2 we
can cxpect to get exact original scismic waveform on shaking table. This thought is called
reversed system pre—f{iltering. Because correction is not on—line, the reversed system H(jw)
must be stabilized and exist. Usually, the way of getting system transfer function as follows:
¢« Sine dwell method.
* Estimaton in frequency domain based on Fourier Transform.
= Parameter estimation and system identification in time domain.
1. Sine dwell method
This method is stifl widely used in structural dynamic test though it is not
sophisticated.

Fig.l1 Idecalized shaking table block diagram

Fig.2 Inversed system pre—filter block diagram
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It is noticed that:

(1} Amplitude measurement is preciser than phase measurement due 1o the error
causcd by measure instrument and record instrument in phase measurcrnent.

(2) Measurement—syitem must have property with level amplitude—frequency charac-
teristic and phase—{requency characteristic proportional to (requency.

{3) Driving signal’s amplitude must be considered carefully because of the non—lincar
factors in real system. The system output will saturate when input signal is too big and have
nothing when input signal is too small.

2. Estimation in frequency domain based on Fourier Transform.

This kind of method is based on Fourier Transform of structural vibration response
random or transient excitation.

The frequency domain analysis methods suffer from two primary sources of error, ex-
cluding any non—linear response effects. These are the signai-lo—noise (SNR) error or dy-
namic range error and the smoothing error rate. The signal—to—noise rate error is statistical
in nature and can be reduced by averaging the analyzed data aver a number of ensembles.
So, this method can obtain transfer function in low SNR. The smoothing, resolution, how-
cver, dependent on the modal parameter of model such as the resonent frequency and
modal damping. For a time interva), the finite length data szamples are, generally,
nonperiodic. Leakage is introduced into the structural response spectrum whern the periodic
Fourier Transform is used to analyze such nonperiodic data. All kinds of smoothing func.
tions can be used to suppress the spurious side lobes but only at the expense of increasing
the resolution error.

'So far as the transfer function H(jw) is concerned, low—as—possible resolution error is
required. For this purpose, long length data samples is often required because low frequen-
¢y component is the main component in seismic wave. Sometimes, it is not easy to do. The
precise of H(jw) is determined by:

1) The number of averaged ensembles

2) The SNR in mecasurement.

It is noticed that the error of the number near zero in Fourier frequency spectrum of
input signal will cause an error in H(jw), even make H(jw) false. The frequency response
function H(jw) which is not smoothed or is smoothed well will cause a spurious sine com-
poncnt in impulse response function h(1).

The results of computer simulation and real seismic experiment by this kind of method
is given in Fig.4 to Fig.5.

3. Parameter estimation and system identification
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Fig.3 is a block diagram of a finite impulse response (FIR) system identification model.
The input signal

)

]

¢
c
=)
=3
o]
:
w
-.4
"}
ct
o
a8

' ' -——=! ¥i{n) x(n) drives 1the

E :“'““"“‘_' """ ' i unknown system to

x(n) T ‘L , @'“' e(n) produce the output
L] P TSRS S ———— [ ] [ ]

'!=-—-! FIR Filter — Fin) scqucace y(n), where

P mmm e : o is an integer index,

It is desired to model
the unknown systera
as an FIR filter, assumed to be of duration M+1 samples. So that impulse response h(n) =@
for n <0 and n> M. If the unknown system is actully an FIR system, then the modcling
procedures provided here can be exact. If the unknown system is not an FIR filter, the or-
der of the FIR filter model is chosen to make a reasonable approximation of the unknown
system. The order of FIR systeru is defined here as the highest index for which h(n)=0. For
the case above, the order is M.

The approach used here is to determine the coefTicients h(n) of the FIR system model
and the order M that:

1) minimize the mean square error (MMSE) between y(n) and FIR filter output y{n) in
the case of known statistics for the process x(n) and y(n), or by that:

2) produce the least square error (LSE) in the case when only a finitc oumber of
measurements of x(n) and y(n) is available.

The latter case is the onc of primary interest. An efficient recursive algorithm is availa-

Fig.3 FIR System Identification Block Diagram

ble when the autocorrelation and cross correlation fuctions of process x(a} and y(n) are
known. The algorithm is based on the Toeplitz structure of the matrix equation solution [6].
The least square solution produces a8 matrix equation similar in structure to the Wiener so-
lution; However, the matrix in this case is not taoplize. But, the least square matrix equation
has additional structure that can be exploited to yicld an cificient recursive algorithm,
which incorporates the fact that the solution to the FIR system identification problem can
be enbedded in the solution of the linear prediction problem for which an efficient solution
has already been developed [3][4)(5].

Compared with the classical least square system identification which reqgires a number
of computational opcrations proportional to M and storage of normal equation coefTicients
proportionai to M, the algorithm in our test requires a number of computational opera-
tons proportional ta M and storage of normal equation coeflicients proportional to M.
Thus, this makes it possible to use microcomputer to do it.

COMPUTER NUMBERICAL SIMULATION AND EXPERIMENT

1. Computer Numberical Simulation
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A quadratic difference equation simulation was run using waveform correction meth-
ods based on least square system identification and based on estimation in [requency do-

main. The di.” -runce equation as fo! - ws:
y(n) = 1.5y(n = 1)+ 0.7y(n — 2) = x(n — 1) + 0.5x{n — 2) + e(n) a3-1

where
x(n) is excitation sequence (El—centro NS wave or White noise).
y(n) is model response sequence.
e(n) is normal distribution white noise with mean O and variace ¢. o can be adjusted.
e(n)is gcntelrnted by formulation foliow:

en)=o{Y wk) -6} 0-2)

kw]

where

w(k) is uniform (0,1) distribution random number generated by computer internal
function.

The simulation results are given in Fig.1 to Fig.5.

From table 1 and table 2, we can see that the method based on least square system
identification is stronger than method based on Fourier transform in bearing noise.

2. Experiment

We bave made waveform correction experiment for ofTshore plateform with a 1500kg
force electromagnet excitation shaking table. The excitation signal is El-centro NS wave
and Mexico seismic wave. The waveform incorrected and waveform corrected by least
square sysiem identification are given in Fig.6 to Fig.8.

It has been proved through the simulating seisimic experiment of structural model that
the method based on least square system identification is effective in dispelling the influence
of load mass,

DISCUSSION ON FIR SYSTEM ORDER M

In computer simulation, the model order M is known. But in real model experiment,
the system order is unknown. We choose an FIR filter mode! to make a reasonable approx-
imation of the real system. Theoretically, we can define the highest index for which h(n) =0
as system order. Actually there is not h(n) = 0 due to exist of nesie. The accuracy of system
order M is associated with the accuracy of waveform. A methed is effeciive in determining
the real system order. That is to check the energy of least square error (LSE) between real
output measurements and output of FIR model with order M. LSE is monotone decreasing
as order M rises (Sec Fig.9). When model order M is greater than the order of real system,
LSE drops slowly. This phenomenon can be used to determine the real sysiem order
directly. But this method requires enormous computational operations because it is not
recursive. The better method is to judge the model order M with certain criterion in
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recursive. When optimal order Mopt is reached, recursive process ends. There are two kinds
of common criterions as follows:

1. Final Predictions Error Criterion (FPE)

For an model with order M

FPE(m) = 1M =1 p(m) (4-1)

Where N is data samples. P(m) is to mean square error at order M. Mopt is the M
which makes FPE(m) reach minimize.
2. Information Theoretic Criterion (AIC)

AIC() =22 110 P(m) “4—2)
It can be proved:
lim {ln FPE(m)] = AIC(m) (4-3)

New

Applying the abave criterions to real model experiment, the Mopt obtained by FPE is
near or cqual to the Mopt obtained by AIC. Both Mopts are greater than the Mopt ob-
ained by LSE.

CONCLUSION

In conclusion, the waveform correction method based on least square system identifi-
cation idetifies the weight sequence of structural model based on its physics property. It has
the advantage of directness and preciseness. This method is effective in dispelling the influ-
ence of load mass.

Compared with the method »f estimation in frequency domain based on Fourier
Transform (FFTM), the method based on least square system identification (ELSM) can be
obtained H(jw) in lower SNR than the former. Impulse error in measurement has no cifect
ELSM but obviously on FFTM. ELSM is stronger than FFTM in bearing numberical er-
ror and provide a flag quantity to determine the real system order accurately.

Table 1 WNoise—Level, Model Order, Error Energy in ELSM Method

noise level model order estimation error energy
a=0.0 m=24 0.E+00

a=0.1 m=24 1.16222E—07

a=035 m=24 5.43071E-07

o=1.0 m=24 1.95163E-06

=350 m=100 2.45788E-02
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Table 2 Noise—Level, Model Order, Error Energy in FFTM Method

noise level model order cstimation error energy
e=00 m =100 3.3533E-02
c=0.1 m=100 4. 830504E-02
=05 m=100 0.21671
o=1.0 m =100 0.676411
o=50 m=100 14.31
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Fig.1 The Time—Process of h(1) for Equation 3-1 by ELSM Method and FFTM
method

Fig.2 The FFTM Simulation Result for Equation 3—~1 by Exciting of Ei~Ceniro NS
Wave (0= 1.0)

Fig.3 The FFTM Simulation Result for Equation 3—1 by Exciting of EI-Centro NS
Wave (o= 5.0)

Fig.4 The ELSM Simulation Result for Equation 3—1 by Exciting of El-Centro NS
Wave (o= 1.0}

Fig.5 The ELSM Simulation Result for Equation 3—1 by Exciting of Ei~Centro NS
Wave (0= 5.0)

Fig.6 The Waveform in Experiment (Uncorrected) by Exciting of El-Centro NS
Wave

Fig.7 The Waveform in Experiment (Corrected) by Exciting of El-Centro NS Wave
Fig.8 The Waveform in Experiment (Corrected) by Exciting of Mexico EW Wave

Fig.9 The Relationship of Error Energy P and Mode¢l Order M (El-Centro Exciting)
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FFTM in bearing numberical error and provide a flag quantity
to determine the real system order accurately.
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noise level nodel order estimation error energy
g =0.0 m=24 0.E+00
7 =0.1 A4=24 1.16222E-07
g =0.5 m=24 5.43071E-07
o =1.0 m=24 1.95163E-06
c =5.0 m=100 2.45788BE-02
Table 1 Noise-Level, Model Order, Error Energy in ELSM Method
noise level model order estimation error energy
o =0.0 m=100 3.3533g-02
g =0.1 m=100 4.80504E-02
6 =0,5 m=100 0.21671
ad =1.0 m=100 D.676411
Lé =5.0 m=100 14.31

Table 2 Noise-Level, Model Order, Error Energy in FFTM Method
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The Parameter Identification of Seven Story
Building Model made of CSGCBR

Zhao Wei”

SUNKARY
The buildings made of coai-slag-gas-concrete block (CSGCB) have
been built up in some cities in China, and will be built expansively,
One of important problems is the dynamic characleristics of this kind
of structure, A earthquake simulation testing was made for the build-
ing model with 1.6 scale ratio The basic principte of physical para-
meters identification and estimated results are introduced in this

paper,

INTRODUCTION

The coal slag is trash of power station,it can be used to make coal
slag gas concrete block which has a good feature of heat isotation
and tight weighting. One of imporiant probtems is ithe ability of
resistant earthguake for the buildings made of CSGCB. A earthquake si-
sulation testing of building model whose scale ratio is |76 was made
on & 5" X5 shaking table 1o study its dynamic charactertics. The
mode! structure is shown in Fig. 1.1, and Fig. t.2. The direction of
input excitation is coincided with short axis of building wmodel. The
sodel is made of reinconcrete column and CSGCB The mass of each DOF

is assumed to be known and the medel is considered as shear building

«professor, Institute of Engineering Mechanics SSB, China
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when we identify the model parameters.

Many testings were made,but onty a few groups of typical data were
taken for parameter identification under condition of basement input
motion. The direct fitting method of physical parameter identifica-
tion are used in the paper.

PARANETER IDENTIFICATION PROCEDURE
The building model is considered zs a systes with seven DOF, when we
study the dynamic characteristics of wmodel structure [ts equation of

motion is that
MX+CK+RCx, B ; 1)=-N1X, (2.1

where M and C are mass and damping matrix respectively The mass =sa-
trix is a diagonat, Each diagonal element corresponds with the suama-
tion of corresponding roof mass, auxiliary lead blook wmass and the
mass of wall and column,] is a unit vector The spring restoring force
R(x, B ;t) is a function of reiative diaplacement between two stories,
model parameters and time [f the restoring force model is linear, then

R(x, B ;t) = kx 2.2
wherz k is stiffness matrix, x is a displacement veclor,f,is basement
input acceleration, The mass mailrix is presumed to be known, damping
matrix can be expressed as Rayleigh damping

C-aN+DbK 2.1

The constants a and b may be given by following expression’*’

216



L im0 i=t,2 2.4

The damping factors &, and &, can be obtained from wodal testing.
The parameter estimated is 1he model parameter vector # of restoring
force.

The mathemetical model which describes the relationship between in-
put and output is expressed in Eq.(2.!). The responses of struciure
would be determined by solving a equalion system when the paramefers
of system end force applied an the structure are known The main prao
hiem of identification is to give the restoring force model and its
parameters., Suppose that absolute displacement y, -x,+x, Eq.(2.1) may

be given in foliowing form

l-y-*cu().’- _S’n»a )*G-(Y.:Y--. H ﬂ =0
-n~x.i--|+c-~l(§n-l'§--l)"G-»t(y-~lry:»liﬁ )
7(;-(5'-75'--1 )’G-(Y-t Yui B 2=0

B, Yo tCa (¥ ¥ 216, (Yay ¥i i B
“CatFs ¥ 6alya, ¥ai B =0
B Y 40, Y 26, (y, Ve, B
“Cal¥e-F.2-6uCya, ¥, B 270 (2.5)

It can be given from Eq.(2.5)

- . - N .
I.L*Ct(h*Y.-a)*ﬁ.(y.:y.-.;B) = 'l' Z‘Il B, Yy, (2.%)
=]
L#=N

in which a, and C, are mass and damping factor of i** DOF, respecti-
vely. ¥, ¥, and ¥, are absclute displacement,velocity and accelera-
tion of i*“roof, respectively. i=0 means basement sotion. The spring

restoring force G,(y,,y,.,;B ) is a function of relative displacement
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and wode| parameter vector B _For a linear system, the spring restor-

ing force is that
G‘(YUY...;B) :k|Ay. (2.7)

where A y,=y,-y,.,1s relative displacement between twe stories k, is
the stiffness of i*" DOF,
If a systes 1is discribed by a bilinear model, the sodel parameter

vector B is expressed as
B = (5,,RT,S,.5,)) (2.5

in which 5,= initial stiffness
RT= yield force
3,= hardening stiffaess
S,= retrograde stiffness

The etements of parameter vector 8§ are quite different' '’ for dif-
ferent modets of restoring force.

Suppose that the wmass ®,(i=1,2,:~,N) is a already known, then Eq.
(2.4) can be expressed as

N * L
ﬁl(y-ly--lﬁa):-F..lvl'ct(yl_yl-n) .9
-1

Assuming C,=0, thea the retlationship between retative displacement and
restoring force may be displayed on a coordinate plane, The sodel pa-
rameters can be estimated by curve fitting method., The natural fre-
quecies would be computed from estimated parameters The daming matrix
is obtained from Eq.(2.3) and dswping factors &, and &, which were
given by modal testing. Therefore the nearly corresponding damping C,

Ciz1, g, o , N) is obtained, them the spring restoring force consi-

dered the effect of damping force is given Above iterative process is
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repeated until the satisfactory result is meet.

In fact,each etement of Rayleigh damping matrix does not precisely
correspond to the damping factor of each DOF.In order to consider the
effect of damping force on the estimation parameters, Eq.(2.5) can be

expressed as

BuCYusYa-ui BI=-8,F.-D ()
Bu- s CYma s Yuea s BI-Ga (Yo, Yu-us B)
T By ¥eoa De, (D (D)
BaCyar¥e i BI-GuCy,,9.:8)
=-u, ¥, -0, ()+D, (O
G,y Yo s BOI-0,0y,.¥.:B)
=-m, ¥, -D, (1)+D, (1) 2.10)

Eq.(2.10) can be expressed as following matrix

G = - Ny-D 21D

where

] 2.1
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in which

X = y-y, 2.1

The spring restoring force considered the effect of damping force
is given by solving Eq.C2.11)

It is convenient to show the model type of restoring force by dis-
playing the relationship between relative displacement and restoring
force on a coordinate plane.It is easy to give the model parameters
of model by curve fitting.This is a simple and abvious identification
method,

THE RESULTS OF PARANETER IDENTIFICATION

For the system with seven DOF, the mass of each DOF is as following

B, - 2.2745 kg 5" cm i=1, 3, %
B, 1.825 kg s* /cm
£,20.0% and &,z 0.02

The excitation of shaking tabte is Ning He earthquake The identifi-
cation of buitding model will be given for different input excitations,
The maxismun values of hase acceleration are 57.6gal, 132.8gal, 240.6
gal and 498 .6gal, respectively. The relationship between relative dis-
placement and restoring force may be gotten and the model parameters
woutd be obtained from it , The the relationship between relative dis-
placement and restoring force is shown on a coordinate plane, the math

sodel of restoring force 1is taken as

F = f(DL, B> (3.1

For tinear system
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F=-35.D

in which F is restoring force, B is model parameter vector. DL is

relative displacemenl_ The objective function is defined as
JCB» Tr=f (= [6CU-eDL, § ) WIGC1I-FCDL, B )] dt (3.2

where W is a weight function The optimal estimatar B *can be given by
minimizing the objective function by Powel! method. In order to check
the retiability of identified parameters,after the responses of build-
ing mode( is computed by Wilson-8 method, comparing it with measured
response should be made

The identification results are shown in table 3.1.It can be seen
that the effect of damping force on estimation paraweters can be neg-
lected, The comparison of results measured and computed from identi-

fied parameters is presented in table 3. 2.

CONCLUSION
The identification results will be discussed in this chapter to give

a2 proper explanation,

4.1 Stiffness Between Stories

The stiffness between stories is an importan! problem for investi-
gation of earthquake resistance of structure. A lot of mechanics pro-
perty tests for wall block, beam and cotumn has been made. But the
speciel attention is paid to how to calculate the stiffness of struc-
ture made of wall and column, The stiffness can be identified by mea-
sured data from earthquake simutation testing of wodel structure, It
can be seen froms table 3.1 that the stiffaess is the greatest for 1°°

story, greater for 2°° story,neariy same stiffaess for 3%, 4'" an 5°"

221



story, less for 6"" story and leasi for 7°" story. The reason is that
the walls and coiumns of low story are subjected to wmore pressure,
Besides, the roofs of high stories would be shaken, which makes =model

structure far from the assumption of shear building, the end condition

of column and wall is not fixed completely,so that Lhe stiffness is

certainly descended.
The small crack on the wall at ]°'and 2**° Lhe

maximun value of basement acceleration is 132.2 gal,bul stiffness bhe-

story occured when

tween stories is not changed obviously. Its naturat frequencies are

not obviously changed. More <cracks took place when the maximun value
of basement acceleralion is 240.6gal. The result of paramenter

tification that the

iden-

shows stiffness of 1" and stary 2°° story s

changed lightiy and is not changed for other story,

the natural fre-

gquency of first mode is descended by 79%.
When the maximun value of basement acceleration is 498.6gal, excepl

the 7'* story, the stiffness is obviously descended for other stories,

specialty for 2"* story. The first natural frequency is descened by
1596 .
4.2 The Description of Nonlinear State

Identifying stiffness of stories, the fitting curve of restoring

force is taken as

F=-S-DL

The integrating range of objective
and t,-5.05 sec.The maximun vatues
placement occcur in this range. The
given by minimization of objeclive
relative displacement vs restoring

shown in Fig.4.1.

When basement acreieration is increased,

restoring force and relative displacement is
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4.1

function i1s taken as t,=3.66 sec.
of restoring force and reative dis
average stiffness in this range is
of

estimated results are

function.Typical relationship

force and

the retationship between

obvious nonlinear for



1°¢, 2°* and 3"* story,but still Llinear for other story.

The relationship hetween restoring force and relative displacement
in the range of maximun restoring force is shown in Fig. 4.2 for 1" and
2** siory,it is hysterestic curve likely The stiffness of each segment

is displayed and remarked on the figures The fitting model is taken as
F-cC+SODL 4.2

Its stiffness of equivalent linearization is presented in table 4.1-].
The relationship between restoring force and relative displacement
in the range of maximun relative displicelent is shown in Fig 4.3 for
1""and 2°“ story.The hysteristic curve is much like a relationship of
force and deformation of plastic hinge of reinforced concrete ccmpo-

nents.
The fitting resulls are presented in table 4.[-2 . There are ane or
two scgments of negative stiffness, it shows that the damage occures

in this range,
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table 3.1

Identified stiffness(kg.” cmd)between storjes

o 5§7.89gal |
position 132.8gal | 240.6gat | 498.5gal
damping | No damping
1 196744.4 ) 392970.6 | 407830.4 | 376119.3 16635;?51
2 Jgt12.s 346840.0 333679.4 | 30589¢6.0 lﬂﬂlhb.ﬂ1
3 244329.8 | 242824.9 | 2418560.4 ] 236127.5 108260.3
4 258310.01) 2563%99.5 | 261939.5 ) 262791. 417133855—;d
5 250535.6 24%065.6 | 241389.5 ; 227124. E 132094.3
(] 205823 .13 2038113.0 198154.3 ; 218121. 2i 115047.3
{V 1 [ 111500.2 111157.0 L137046.2‘ 138185 2% 121742.7
table 3.2 Comperison of maximun relative displacesent(cm)
57.8qal 132.89al 240.6gatl %
Position
measured | computed | measured | computed | measured rolputed]
1 g.00215 | 0.00290| 0.00539 ) 0.00616; 0.0128 i 0.0115 E
2 0.00264 0.00316 0.00633 0.00?02‘ 8.0139 ?70.0124 5
3 0.00315| 0.00364 | ©.00764, 0.00874| 0.0151 | 0.0133 |
4 g.00215 ) 0.00285| 90.00612] 0.007?30, 0.6106 0.009% j
§ 0.00227 | 0.00287| 0.00508, 0.00661 ) 0.00863 0.908;_?
b 0.00227 g0.00252 | 0.0038% 0.00424 | 0.00%9 0.0071 }
1 0.00116 | 0.00153 u.ﬂuzzaLo.ummlT 0.0081 | 10.0052 |
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table 4.1-1

estimated paramseters

position S, S, S. Se 3,
1°*story | 223167.2 ] 242304.4 ) 245270.8 | 113486.8 6 243823.4
2*“story | [55501.6 ] 164842.8 | 146920.3 70942. 6 144124.6l
table 4.1-2 estimated parameters
position S, S, S, S. R S. S. }
1°*story | 227884.5 | -282685.5 | 126079.9 ] 584791.0 | 87902.9 | 195737.9 1
“story | 13917.1 | -136868.1 | 36539.9 | 111825.9 | 558701.¢ 123473.3_}
cotumn
= = =l —4 EL_ =t
| \ | e =
I i . = o3
‘ i I ° e >
‘ 5 -
&’-‘ T = ~=E = RT— i .
i i . ' % P
+ 55 | ke [ as .Js_,..l—__" —

Fig.1.1 Modet structure plans [,30 Fig.1.2 Node!l structure

section 1,60
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APPLICATION OF CURVE FITTING METHODS IN CONSTRUCTIONAL
ENGINEERING DYNAMIC PARAMETER IDENTIFICATION

Liu Lihua*

ABSTRACT

In this paper, the theory of curve fitting by fitting circle and
transfer function methods have been reviewed. Relevant methods of curve
fitting in modal parameter identification are also described. Examples
based on the testing data for suspended cable structures and grain sto-
rage silos are presented. Fundamental dynamic parameter for frequency,
modal shape and damping are obtained for earthquake resistance analysis.
Advantages, disadvantages and applicational range of the curve fitting
methods are also pointed out.

I. INTRODUCTION

In order to design aseismic¢ stiructures for optiemal performance, we
must sclve the problem of dynamic behaviour of structures. Since the
development of electronic technique, there appear installations of
structural response measurements, providing the solution of many struc-
tural dynamic problems. The measurement of frequency response is the
heart of structural analysis. The frequency response, H(wW), is defined
in terms of the single input/single output system (shown in Fig. 1) as
the ratio of the Fourier transform of the system output, y{t), to the
Fourier transform of the system input, x(t),

H(“’) = -.Y-(-..i)—.
X(w)

where
Y{w) is the Fourier transform of system output, y(t);
X(w) is the Fourier transform of system input, x{t).

The frequency response function otherwise called the transfer func-
tion is a complex quantity. That is, it has been associated with both
magnitude and phase as its real and imaginary part. To adopt Digital
Signal Analyzer or Structural Dynimic Analyzer, we utilize sampled data
techniques to perform power spectrum and transfer function analysis.
Through modal parameter identification, we can obtain the dynamic beha-
viour of structures.

In mode! parameter identification technique, we can use different

*Laboratary of the Institute of Earthguake Engineeriné, China Academy
of Building Research.
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forming formulae of transfer function, correspondingly, we can draw dif-
ferent forming curves. Specific formula of transfer function can be
selected in accercance with testing scheme,data format and desired dyna-
mic parameters of structures.

In this paper, curve fitting method has been presented by means of
formula with r=al and imaginary parts in the form of complex polynomials
of the transfer function. Curve fitting methods are effective in struc-
tural modal parameter identification. It is the application of weight
residual method in hardware equipment.

IT. FOUNDATION OF THE THEORY

We can use the frequency response function obtained form Structural
Dynamic Analyzer or Digital Signal Analyzer in structural response mea-
surements for the determination of frequency, modal shapes and damping
of the system measured, that is, for the determination of modal parame-
ters of the system measured.

Process of curve fitting can be carried out between curve of fre-
quency response function from testing and curve of response function of
theoretial regeneration. [t is by so doing that reliability of dynamic
parameters of structures can be advanced.

Transfer function of system can be written as follows[11[2]:

where
n is number of degrees of freedom;
p, is root of determinant of B(s) matrix;
st) 15 system matrix;
a8, is residue of kth root.

Pk can be called pole of transfer function. The pole p, is complex and
peole p; is its conjugate. [t can be written as follows:

P = - oyt 1%
* -
pk"ai'.]‘uk

where
oy is coefficient of modal damping;
Wy 1s the natural frequency.

Relationship between o, and oUL can be represented by graphics.
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Accarding ta the symmetry of the transfer matrix, the residue of any
row or column of H{s) matrix is used to determine the natural frequency,
medal shape and damping of the system. For single modal of system, the
transfer function can be written as follows:

A*
Hk(s) = s-Ak + s-kf
Py Pk

where
A, is NxN complex matrix;
Py is pole of kth modal.

Components of H(s) can be written as follows(3][4]:
*
Hs) = ok L
Zj(s-pJ ~ U-

where

s is laplace argument, py =0, +j«J, & being coefficient of damping,
wk being the natural frequency, ry being the residue and ry/2j being the
complex residue of kth model.

To use curve of real and imaginary parts of transfer function, for
the determination of natural frequency of structures, after having
obtained the natural frequency, estimate the damping of the structures by
curve fitting methods. In curve fitting process, calculate kth value of
residue, and then calculate coefficient of the modal shape.

In order to minimize mathematically the effor between measured curve
and fitting curve, we usually adopt the least square method. The Hp-
5423~ Structural Dynamic Analyzer uses the formula as follows[5]:

E =£1 [hy - H(ju%)|?
1=
where
h; are values of measurable data;
Hljaoi) are the fitting function of frequency.

II1. ENGINEERING EXAMPLES

We apply Hp-5423A to utilize sampled data techniques to perform a
wide variety of single and dual channel measurements which include time
record average, auto and cross spectrum, impulse response, and frequency
response, We can perform a wide variety of analysis for the dynamical
features of building structures, and supply dynamical parameters of
engineering design, for obtaining the dynamic parameter identification of
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various model structures.

{1) Dynamic parameter identification of suspended cable structural
model.

For the suspended cable structural model as shown in Fig. 2, it con-
sists of 5 beams and 7 cables, when model testing, by using of the hammer
method. 3 response points were measured through 35 points of hammer
points of the system, 1In Fig. 2, symbola represent response points,
that is, positions of the installation of velocity transducers by multi-
point measurement and single-point excitation. Adopt transfer function
fitting method, when it is going to perfurm measured data analysis. The
steps for the process are as follows:

1. To determine frequency of structural model by transfer function
fitting method.

In a light modal coupling case, the measurement data in the vicinity
of a modal resonance peak is predominantly due to that mode, and the in-
fluence of the other modes is negligible, In this case, a single modal
curve fitting method can give accurate results of the frequencies of the
model structures.

In a heavy modal coupling case, the influence of the tails of other
modes is not negligible, so & single modal method cannot correctly iden-
tify the modal parameters. In order to improve the accuracy of modal
parameter identification, we still need to perform the analysis of auto
spectrum and real and imaginary frequency curve of the transfer function,
to help the exact finding frequency values of structural modes.

By the above mentioned steps, in order to determine the frequency
values of syspended cable structural model, we find three peaks from
Fig. 3, then we can use the x cursor to find the frequency values of the
three peaks. Then we should perform statistical estimation algorithms,
which will use large amounts of measurement data, we should also estimate
the modal parameters, through comparison and synthesis to finally deter-
mine the frequency values of the model structure as shown in Table 1.

2. To 2stimate damping of model structure by transfer fun:tion fit-
ting method.

After having determined the frequency values of model structure, we
need to replicate selected fitting bandwidth and then to perform repli-
cated fitting of measured transf~r function curve by regeneration theory
of transfer function curve. That is, when two transfer function curves
overlap, they must satisfy the minimized error condition, At this moment,
we can gbtain the damping values and estimated mode value of the model
structure as shown in Table 1.
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Practical examples demonstrate that, the conditions and the variety
of range of application for transfer function are better as compared with
fitting circle method. Higher modal shapes can be identified by the
transfer function method, but only single degree of freedom or light
coupling modal of multi-degree of freedom can be used by the fitting cir-
cle method.

IV. CONCLUSION

Examples of engineering testing data analysis have proved that the
curve fitting method is quite useful in modal parameter identification of
structural dynamic analysis. Advantages, diadvantages, feature and range
of application by different curve fitting methods are also given in the
paper.

Qur conclusion can be summarized as follows:

1. Fitting circle method is useful for single degree of freedom sys-
tem. According to phase response directly obtained from measurements,
the feature of resonant peak is in the neighbour hood of the fregquency
response function,

2. Effects of structural nonlinearity can be neglected in modal
parameter identification.

3. Disadvantages of the fitting circle method are as follows:

(1) The condition of using the fitting circle method is relatively
strict. It can be applied only for parameter identification of a single
degree of freedom system.

(2) In terms of graphical procedure for the determination of modal
parameters, the calcylation accuracy depends upon the graphical accuracy.

(3) Error will be increased, when there happens modal shapes coup-
ling in the system,

4, Advantages of the transfer function curve fitting method are as
follows:

(1) Range of application cna be widened to multi-degree of freedom
system for modal parameter identification, besides single degres of
freedom system. From the inherent conditions of supposition view point,
it can reduce the requirement for using the transfer function as com-
pared with that of the fitting circle method.

(2) Improvement the accuracy of the modal parameter identification
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3. To calculate coefficients of the modal shapes by transfer func-
tion fitting method

After determining the frequency and damping of the modal structure,
we can use the residue of curve fitting process to determine the coeffi-
cients of the modal shapes. We can find the transfer function curves of
measured and theoretical regeneration in Fig. 4, the transfer function
fitting curve in Fig., 5 and the three modes of suspended cable structural
model in Figure 6,7,8.

(2) Oynami¢c parameter identification for plexiglass model of the
grain storage silo

The sketch of the plexiglass model of the grain storage silo is
shown in Fig. 9. The hight and diameter of the prototype model for the
grain storage silo are 38,0 M and 8.7 M, The ratio between model and
prototype model is 1:28. The height and dismeter of model for plexiglass
are respectively 1.38 M and 0.31 M. Testing methods of the model consist
of hammer, shaker and traction-release. Zero, half and full loading can
be performed respectively for testing. In this paper, for zero loading
testing results of model under hammer for a single grain storage silo are
presented. To perform dynamic parameter identification for a single silo
model under zero loading, use curve fitting methods of transfer function
and fitting circle. We can identify dynamic parameter c¢f first two modal
ahape only fitting circle method is to be used. The result of the first
mode obtained by transfer function is compared with that by the fitting
circle method. The specific step are described as follows:

1. ldentify dynamic parameter by transfer function fitting method

Transfer function curve from measured data of model is shown 1n
Fig. 10. Theoretical regenerated transfer function curve is shown in
Fig. 1t. The fitting curve of the above mentioned transfer function is
shown in Fig. 12. Because there is no couping of frequencies at some
peaks, therefore frequency, damping and modal shapes can be determined
respectively as shown in Fig. 10 and Table 2.

2. ldentify dynamic parameter by fitting circle for grain storage
silo of plexiglass model

Fitting cricle from measured data and theoretical regeneration curve
are shown in Fig. 13. The graphis representation of the transfer func-
tion and the fitting circle are shown in Fig, 14, Frequencies and dam-
ping obtained of models though fitting circle method are shown in Table 2.
The graphis representation of modal shapes is given in Fig. 1B, solid
line and dotted line represent respectively the results obtained by the
transfer function and by the fitting circle method. The modes of model
structures are shown in Fig. 15,16,17.
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as compared with that of the fitting circle method.

Based upon the above mentioned facts, it is to be noted that for
increasing the precision of the method, we should.

First determine the fitting circle, then evaluate the modal parame-
ter by the graphic method. In order to find the natural frequency from
centre of circle to resonant peaks in the circumference, draw lines in
sequence and record the angles between two radic to determine the ratio
of the change in arc, that is, to determine the natural frequency for the
position of the maximum ratio of change in arc. Accuracy of natural fre-
quency must be controlled within 10% of increment of frequency between
data points.

Estimate damping by fitting circle method, calculate values of dam-
ping and then recalulate the average of the average values. [n theory,
for the case of heavy damping, it is required that the average values
should be close to each other.

Calculation of the modal parameters by transfer function with mea-
surements, using the displ2cement and acceleration transducers, to deter-
mine the frequencies. We can also use the imaginary part of the transfer
function to determine the freguencies.

By selecting the approprate bandwidth, we can directly determine the
error of damping estimation and find the accuracy of the frequencies. If
the points by the curve of modal shape from transfer function of measure-
mentand the points by the curve of theoretical regeneration of transfer
function coincide with each other, then excellent damping estimation ang
coefficient of modal shape can be realized.

The testing modal analysis technique comes from the basic theory of
radom vabration. To perform data process, we need to synthesize the ana-
lysis of some statistical parameter, such as natura] freguency, auto-
power-spectrum and coherent analysis. Furthermore, we can also use the
real frequency curve and imaginary frequency curve ta determine the na-
tural frequencies. For the calculation of errors, we can use the option-
al consistent estimation error method. Practical engineering demons-
trates that curve fitting method plays am important role in testing modal
analysis technique. We can see in future wide application of the curve
fitting method in many fields.
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Table 1. Frequency and Damping of Mode] Structure
Parameter
Frequency (HZ) Damping
Mode Shapes
First Mode 4.26 0.81
Second Mode 4.57 1.21
Third Made 5.32 1.28
Table 2. Frequency and Damping of Model
arameter Frequency (HZ) Damping Ratio
Mode
ethod Shape 1-Mode 2-Moce 1-Mode 2~-Mode
Transfer Function 37.0 132.82 6.19 4.94
Fitting Circle 37.0 _ 5.41 _
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