SECTION 5

NUMERICAL SIMULATION

A computer program for the simulation of seismic response of the structure under the
hybrid or passive isolation system has been developed. Analytical models presented in the
preceding sections, which are based on careful identification experiments, are utilized for
computer simulation of experimental results. In this section, it will be demonstrated that
these analytical models describe the real system accurately, by carefully comparing the nu-

merical simulation results based on these models with the experimental results.

5.1 Analytical Model and Techniques for Numerical

Simulation

The equations of motion of the structural model shown in Egs. 2.1 - 2.5 and the relation-
ships between the pressure control signal and friction described by Eqs. 4.3 - 4.5 are used

for computer simulation. The parameters in these equations use the values given in Table

4.1 as identified by experiments.



Based on the Newmark’s 8 scheme, a double precision FORTRAN routine for numerical
integration of the equations of motion and equations of control system has been developed,
in which 8 is selected to 1/6. For the friction system such as under consideration, the
precise evaluation are crucial to the accuracy of response calculation when the motion of
the structure undergoes transition between the sticking and sliding phases and when the
sliding velocity reverses its direction. A time step of At is used in the continuous phases
of motion, while a much smaller time step At is used whenever the phase transits or the
velocity reverses its direction. The following computational algorithm is proposed [19] and
used.

In Phase II (sliding phase),

1. If the relative velocity of the model changes its direction, go one time interval At back,

change the time step from At to Af; and continue the computation again.

2. When the relative velocity changes its direction again, go one time interval At, back,
examine whether or not the structural model goes into sticking phase, according to the

criterion for transition given in Eq. 2.5.

3. If it goes into sticking phase, change equation of motion to Eq. 2.1, and alter the time

step from At to At.

4. If it continues to slide, reverse the direction of friction force, and continue the compu-

tation in sliding phase using the time step At.
In Phase I (sticking phase),
1. Examine if the model goes into sliding phase according to the criterion given in Eq.

9-2



2.3. If it does, change the equation of motion to Eq. 2.2, and change the time step

from At to At, for the next time interval At.

The accuracy of the simulation results is verified by comparing the results with those by
finer time steps At; on several simulation cases, and the time step At, has been determined
to be 0.00001 sec . The value of time step At should be at least 0.002 sec in the simulation
of hybrid isolation, because this value was used as the time interval for the measurement of
feedback signals in the hybrid control experiments as mentioned before. In the simulation of
the response of the building which is passively isolated, however, the value of the time step

At = 0.01 sec is used and it appears to be fine enough for the numerical integration.



5.2 Comparison of Simulation with Experimental Re-

sults

Shaking table experimental results described in the preceding sections are simulated by
numerical analysis. Some examples of time histories from simulation of passive isolation and
hybrid isolation using bang-bang control as well as instantaneous optimal control without
and with time delay are shown in Figs. 5.1 - 5.4 respectively, together with the corresponding

experimental results. In this respect, several remarks seem in order:

1. On the whole, numerical simulation results show remarkably high degree of agree-
ment with experimental results. This demonstrates that the analytical model with the

parameter values used represents the reality very well.

2. In simulation, the static coefficient of friction is assumed to be the same as the sliding
coefficient of friction. Therefore, simulation could not show the maximum response

acceleration, which is due to the static friction, in the passive isolation experiment.
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Figure 5.1: Passive Isolation



{-o68) Bun)
[vr -} 113 $ 0
L 1 i 1 1 o \nnba
| LA o namenm | g
W0y Sy ~xaWw m
{eudis [onuoD =
D,N s o I R
e W UMW | &
2uiaily Gp e m
einssesd -
02 51 11} S 0 o
v : A . 051
.y N 0 m
7 p— N 3
WU GO ¥3 =XBW - 061 3

Jueweoe|dsig Bupis

0z S1 0 S 0

1 L ]

L 1 osi-2
%EEH‘%E 05
1®D ¥Z 66 =xBw omwm

uo|1E18|000Y asuodsey

o2 St ot S o

1 i, 1

B9 ¥ 80 =xBW
uofels|eday Induj

worye[nuIg

{oes) e g

0z §i a1 0
l 1]
=
1L | BAALL _P%E%E g
w0y yE Sy wxEW m.
jeuSiS 1oRU0D -

oz ci ot

L % d
ﬂ
. E@E g
2w/ L8 by uxBW m
2inssoIg =

nz St /] g ]
t . — L 0s:-2
e 0 8
— L N 3
Wi §1°0Z =x8uwl L. 0G4 .M-

wswesedsig Gupug

oz St ot 5 0
L 1 i 1 1 -
. e
185 5§41 =XEW mmwm

uon2ie;adsy esuodsey

02 s 0t 5 0
i 0oe-
ROV SR WY PO
Pty §s<<.§\..<.cl [n]
199 80 =xaw Lgoe 2

LG e18180Yy Induy
Juswittadxy

Figure 5.2: Hybrid Isolation under Bang-Bang Control
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Figure 5.3: Hybrid Isolation under Optimal Control without Time Delay
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5.3 Robustness of System

In the experiments and computer simulation, it is found that the proposed hybrid isolation

system 1s quite robust.

1. The instantaneous optimal control algorithms in Section 2 are developed on the reduced-
order models, ignoring the following aspects in the real models: (i) sticking phase of
motion (Eq. 2.1), (ii) influence of sliding velocity on the friction force (Eq. 3.3), and
(iii) time delay in the pressure response to the control signal (Eq. 2.6), obviously when
developing the algorithm without time delay. However, the reduced-order model did
not adversely affect the control performance in a significant way. The so called “con-
trol spillover” and instability of the control system were not observed. For example,
the comparison between the experimental results of the instantaneous optimal control
with time delay (see Fig. 4.10) and without time delay (see Fig. 4.9) showed little
difference in the response behavior. This suggests that neglecting the time delay does

not degrade the congrol effectiveness considerably.
2. The time interval of control implementation can be relatively long, as mentioned before.

3. The feedback control signal obtained from the instantaneous optimal control algorithm
is not a function of the system parameters, as shown in Eqs. 2.23 and 2.30. Hence,

the control efficiency in this case is not affected by paramenter variations.



SECTION 6

CONCLUSIONS

A systematic study on a hybrid sliding seismic isolation system using friction controllable

bearings has been presented, including the following aspects:

1. A hybrid isolation system using friction controllable sliding bearings has been proposed
for controlling response of a structure subjected earthquakes ranging from small to large

intensities.

This hybrid isolation system also has the following general advantage: the system re-
quires smaller amounts of energy and power than the corresponding actuator-controlied
system, and as a consequence, the use of accumulators for the source of energy is pos-

sible, thus eliminating the necessity of an emergency energy supply system.

2. Control algorithms, instantaneous optimal control and bang-bang control have been
developed for controlling the friction force in the hybrid sliding isolation system. Stan-

dard control theory is difficult to apply in a straightforward fashion, in this case where

the control force has a nonlinear feature.
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3. A prototype hybrid sliding isolation system using friction controllable bearings has
been physically developed, and shaking table experiments were performed on a rigid
structural model equipped with such a hybrid system. A computer code has been
developed for real-time on-line control implementation. The dynamic characteristics
of the control system between bearing pressure and sliding friction have been identified.
The results of hybrid sliding isolation experiments were compared with those of passive

isolation.

4. Computer codes for the simulation of structural response under passive or hybrid con-
trol have been developed, and simulation analysis has been performed. The numerical

results have been compared with experimental results.

Through the experimental and analytical study, the following conclusions have been

obtained:

1. Significant advantage of the proposed hybrid sliding isolation system has been demon-
strated: (1) for the small to medium earthquakes, the friction is controlled to make the
structure slide easily to reduce the transfer of the seismic force to the structure to a
minimum; (2) As the input earthquake becomes more intense, the friction is controlled
to confine the sliding displacement of the structure to an acceptable range, while at the
same time to keep the transfer of seismic force as small as possible. Such intelligent
features of the friction controllable hybrid system does make the conventional passive

sliding isolation system effective for all intensities of earthqukes.

2. Control algorithms developed for control of nonlinear friction force proved to be effec-

tive in achieving the desired control performances. In addition, they are practical and
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easy for real-time on-line control operations.

3. The analytical model of dynamic characteristics between the bearing pressure control
signal and the friction on the sliding interface has been identified. Computer simulation
results excellently match the experiments. This implies that the analytical model
represents the actual system very well, showing the possibility of utilizing the model
to perform analytical study on other types of real structures equipped with the hybrid

isolation system under different earthquake conditions.

4. The hybrid sliding isolation system appears to be quite robust, demonstrating the high

potential for the application of the system to actual structures.

In the immediate future, possible implementation of the hybrid sliding isolation system

to existing full-size structures such as buildings and girder bridges will be explored.
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and J.H. Prevost, 6/17/88, (PB89-144711/AS).

“Damage Assessment of Remforced Concrete Structures tn Eastern United States,” by A.M. Reinhom, M.J.
Seidel, 5 K Kunnath and Y I. Park, 6/15/88, (PB89-122220/A8),

"Dynamic Compliance of Vertically Loaded Strip Foundations in Multilayered Viscoelastic Sois,” by 8.
Ahmad and A.S.M. Israil, 6/17/88, {PB89-102891/AS).

"An Experimental Study of Seismic Structural Response With Added Viscoelastic Dampers,” by R.C Lin,
Z. Laang, T.T. Soong and R.H. Zhang, 6/30/88, (PB89-122212/A8). This report 18 available only through
NTIS (see address grven above),

“Experimental Investigation of Pnmary - Secondary Systemn Interaction,” by G.D. Manolis, G. Juhn and A M.
Reinhorn, 5/27/88, (PB89-122204/A8).

"A Response Spectrum Approach For Analysis of Nonclassically Damped Structures,” by JN Yang, S.
Sarkam and FX. Long, 4/22/88, (PB89-102909/AS).

"Seismic Interacuion of Structures and Soils: Stochastic Approach,” by A.S. Veletsos and A.M. Prasad,
7/21/88, (PB8Y-122196/A8).

"Identification of the Serviceability Limut State and Detection of Seismic Structural Damage,” by E.
DiPasquale and A § Cakmak, 6/15/88, (PB89-122188/A5). This report 15 available only through NTIS (see
address given above).

“Multi-Hazard Risk Analysis: Case of a Simple Offshore Structure,” by B.X. Bhartia and E.H. Vanmarcke,
7/21/88, (PB89-145213/A8).



NCEER-88-0024

NCEER-88-0025

NCEER-88-0026

NCEER-88-0027

NCEER-88-0028

NCEER-88-0029

NCEER-88-0030

NCEER-88-0031

NCEER-88-0032

NCEER-88-0033

NCEER-88-0034

NCEER-88-0035

NCEER-88-0036

NCEER-88-0037

NCEER-388-0038

NCEER-88-0039

NCEER-88-0040

NCEER-88-0041

"Automated Seismic Design of Renforced Concrete Buildings,” by Y.S. Chung, C Meyer and M. Shinozuka,
7/5/88. (PB89-122170/AS). Thus report 1s available only through NTIS (see address given above).

“Expertmental Study of Active Contro! of MDOF Structures Under Seismuc Excitations, * by L.L. Chung, R.C.
Lin, TT. Scong and A.M, Renhorn, 7/10/88, (PB8%-122600/A8).

"Barthquake Simulation Tests of a Low-Rise Metal Structure,” by J.S Hwang, K.C. Chang, G.C. Lee and R L
Ketter, 8/1/88, (PB89-102917/AS).

“Systems Study of Urban Response and Reconstruction Due to Catastrophic Earthquakes,” by F. Kozin and
H K. Zhou, 9/22/88, (PB90-162348/AS).

"Seismic Fragility Analysis of Plane Frame Structures,” by HH-M. Hwang and Y.K. Low, 7/31/88, (PB89-
131445/A5).

"Response Analysis of Stochastic Structures,” by A. Kardara, C. Bucher and M. Shinozuka, 9/22/88, (PB89-
174429/A8).

"Nonnormal Accelerations Due to Yielding m 2 Pnmary Structure,” by D.C.K Chen and L D Lutes, 9/19/88,
(PB89-131437/AS).

“Design Approaches for Soil-Structure Interaction,” by A.S Veletsos, A.M. Prasad and Y. Tang, 12/30/88,
(PB89-174437/A8). This report 15 available only through NTIS (see address given above).

"A Re-evaluation of Design Spectra for Seismic Damage Control,” by C.J. Turkstra and A.G. Talhn, 11/7/88,
(PB89-145221/A8).

"The Behavior and Design of Noncontact Lap Splices Subjected to Repeated Inelastic Tensile Loading,” by
V.E. Sagan, P. Gergely and R.N. Whate, 12/8/88, (PB89-163737/AS).

"Seismic Response of Pile Foundations,” by 8.M. Mamoon, P.K. Banerjee and S. Ahmad, 11/1/88, (PB89-
145239/A8).

"Modeling of R/C Building Structures With Flexible Floor Diaphragms (IDARC2),” by A.M. Reinhom, S.K
Kunnath and N. Panahshahi, 9/7/88, (PB89-207153/AS).

"Solution of the Dam-Reservoir Interaction Problem Using a Combination of FEM, BEM with Particular
Integrals, Modal Analysis, and Substruciuring,” by C-$. Tsai, G.C. Lee and R.L. Ketter, 12/31/88, (PB89-
207146/A8).

"Optimal Placement of Actuators for Structural Conirol,” by F.Y Cheng and C.P. Pantelides, 8/15/88, (PB8%-
162846/AS).

"Tefion Bearings in Aseismic Base Isolation: Experimental Studies and Mathematical Modeling.” by A.
Mokha, M C. Constantinou and A.M. Remnhorn, 12/5/88, (PB89.218457/AS). This report is available only
through NTIS (see address given above).

"Seismic Behavior of Flat Slab High-Rise Buildings in the New York City Area,” by P Weidhinger and M.
Ettouney, 10/15/88, (PB90-145681/AS).

"Evaluation of the Earthquake Resistance of Existing Bnldings in New York City.” by P. Weidlinger and M,
Etiouney, 10/15/88, to be published

"Small-Scale Modeling Techniques for Reinforced Concrete Structures Subjected to Seismic Loads,” by W
Kim, A. El-Attar and R.N. White, 11/22/88, (PB89-189625/AS).
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NCEER-88-0042

NCEER-88-0043

NCEER-88-0044

NCEER-88-0045

NCEER-88.-0046

NCEER-88-0047

NCEER-89-0001

NCEER-89-0002

NCEER-89-0003

NCEER-89-0004

NCEER-89-0005

NCEER-89-0006

NCEER-89-0007

NCEER-89-0008

NCEER-89-0009

NCEER-89-R010

NCEER-89-0011

NCEER-89-0012

NCEER-89-0013

"Modeling Strong Ground Motion from Multiple Event Earthquakes,” by GW Ells and AS Cakmak,
10/15/88, (PB89-174445/A8).

"Nonstationary Models of Seismic Ground Acceleration,” by M. Gngonu, S.E. Ruiz and E. Rosenblueth,
7/15/88, (PB89-189617/A8)

"SARCF User’s Guide, Seismic Analysis of Reinforced Concrete Frames," by Y.5. Chung, C. Meyer and M
Shinozuka. 11/9/88, (PBR9-174452/AS)

"First Expert Panel Meeting on Disaster Research and Planmng,” edited by J. Pantelic and J Stoyle, 9/15/88,
(PB89-174460/A8).

"Preliminary Studies of the Effect of Degrading Infill Walls on the Nonlinear Seismic Response of Steel
Frames,” by C.Z Chrysostomou, P. Gergely and I.F Abel, 12/19/88, (PB89-208383/AS)

“Reinforced Concrete Frame Component Testing Facility - Design, Construction, Instrumentation and
Operation,” by 5.P. Pessiki, C. Conley, T. Bond, P. Geigely and R.N. White, 12/16/88, (PB89-174478/AS).
"Effects of Protective Cushion and Soil Comphancy on the Response of Equipment Within a Seismically

Excited Building,” by J.A. HoLung, 2/16/89, (PB82-207179/A8).

"Statistical Evaluation of Response Modufication Factors for Remnforced Concrete Structures,” by H H-M
Hwang and J-W. Jaw, 2/17/89, (PB89-207187/AS)

"Hysteretic Columns Under Random Excitation,” by G-Q. Ca: and Y.K. Lin, 1/9/89, (PB89-196513/AS).

"Expenimental Study of ‘Elephant Foot Bulge' Instability of Thin-Walled Metal Tanks,” by Z-H. Jia and R.L.
Ketter, 2/22/89, (PB89-207195/A8).

“Expenment on Performance of Buried Pipelines Across San Andreas Fault,” by J. Isenberg, E. Richardson
and T.D. O'Rourke, 3/10/89, (PB89-218440/AS).

"A Knowledge-Based Approach to Structural Design of Earthquake-Resistant Buildings,” by M. Subramani,
P. Gergely, C.H. Conley, J.F. Abel and A.H. Zaghw, 1/15/89, (PB89-218465/A8S).

"Liquefaction Hazards and Thewr Effects on Buried Pipelines,” by T.D. O’Rourke and P.A. Lane, 2/1/89,
(PBBS9-218481).

"Fundamentals of System Identification in Struclural Dynamics,” by H Imai, C-B. Yun, O. Maruyama and
M. Shinozuka, 1/26/89, (PB89-207211/AS).

"Effects of the 1985 Michoacan Earthquake on Water Systems and Other Buried Lifelmes in Mexico.” by
A.G. Ayala and M.J. O'Rourke, 3/8/89, (PB89.207229/A8).

"NCEER Bibliography of Earthquake Education Materials," by K.E K Ross, Second Revision, 9/1/89, (PR90-
125352/A8).

“Inelastic Three-Dimensional Response Analysis of Reinforced Concrete Building
Structures (IDARC-3D)), Part I - Modeling,” by S.K. Kunnath and AM Reinhomn, 4/17/89, (PB90-
114612/A8).

"Recommended Modifications to ATC-14," by C.D. Poland and J.O. Malley, 4/12/89, (FB90-108648/AS).

"Repair and Strengthemng of Beam-to-Column Connections Subjected 1o Earthquake Loading,” by M.
Corazao and A.J. Dunani, 2/28/89, (PB90-109885/A8)
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NCEER-89-0014

NCEER-89-0015

NCEER-89-0016

NCEER-89-P0O17

NCEER-89-0017

NCEER-89-0018

NCEER-89-0019

NCEER-89-0020

NCEER-89-0021

NCEER-89-0022

NCEER-89-0023

NCEER-89-0024

NCEER-89-0025

NCEER-89-0026

NCEER-89-0027

NCEER-89-0028

NCEER-89-0029

"Program EXKAL2 for Identification of Structural Dynamic Systems,” by O. Maruyama, C-B. Yun. M.
Hoshiya and M. Shinozuka, 5/19/89, (PB90-109877/AS).

"Response of Frames With Bolted Semi-Rigid Connections, Part [ - Expenmental Study and Analytical
Predictions,” by P.J. DiCorso, AM Remhorn, J.R. Dickerson, ].B Radzimimski and W.L. Harper, 6/1/89, to
be published.

"ARMA Monte Carlo Simulation in Probabilistic Structural Analysis,” by P.D). Spanos and M.P Mignolet,
7/10/89, (PB90-109893/AS).

"Preliminary Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake Education
in Our Schools,” Edited by K.E.K. Ross, 6/23/89.

“Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake Education in Our
Schools,” Edited by K E K Ross, 12/31/89, {PB90-207895). This report 1s available only through NTIS (see
address gtven above).

"Multidimensional Models of Hysteretic Material Behavior for Vibration Analysis of Shape Memory Energy
Absorbing Devices, by E.J. Graesser and F.A. Cozzarelli, 6/7/89, (PB90-164146/AS).

“Nonlinear Dynamic Analysis of Three-Dimensional Base Isolated Structures (3D-BASIS),” by $. Nagarajaiah,
A M. Reinhorn and M.C Constantinou, 8/3/89, (PB90-161936/A8). Thus report is available only through
NTIS (see address given above),

"Structural Contro! Considering Time-Rate of Control Forces and Conirol Rate Constraints,” by E.Y. Cheng
and C.P Pantehdes, 8/3/89, (PB90-120445/A8).

"Subsurface Conditions of Memphus and Shelby County,” by K.W. Ng, T-§ Chang and H-H.M, Hwang,
7/26/89, (PBO0-120437/AS).

"Seismic Wave Propagauion Effects on Swaight Jointed Buried Pipelines,” by K. Elhmadi and M.J. O'Rourke,
8/24/89. (PBS0-162322/A8).

"Workshop on Serviceability Analysis of Water Delivery Systems,” edited by M. Grigonu, 3/6/89, (PBS0-
127424/A8S).

"Shaking Table Study of a 1/5 Scale Steel Frame Composed of Tapered Members," by
K.C. Chang, J.8. Hwang and G C. Lee, 9/18/89, (PB90-160169/AS).

"DYNAI1D. A Computer Program for Nonlinear Seismic Site Response Analysis - Technical Documentation,”
by Jean H. Prevost, 9/14/89, (PB90-161944/A3). This report is available only through NTIS (see address
given above).

"1:4 Scale Model Studies of Active Tendon Systems and Active Mass Dampers for Aseismic Protection,” by
AM Remhorn, T.T. Soong, RC. Lin, Y.P. Yang, Y. Fukao. H. Abe and M. Naka, 9/15/89, (PBS0-
173246/AS).

"Scattering of Waves by Inclusions in a Nonhomogeneous Elastic Half Space Solved by Boundary Element
Methods,” by P.K. Hadley, A, Askar and A.S. Cakmak, 6/15/89, (PB90-145699/AS).

“Statistical Evaluation of Deflection Amplification Factors for Remnforced Concrete Structures,” by HH.M.
Hwang, J-W. Jaw and A.L. Ch'ng, 8/31/29, (PB90-164633/A5).

"Bedrock Accelerations in Memphis Area Due to Large New Madrid Earthquakes,” by H HM Hwang, C.H.S.
Chen and G. Yu, 11/7/89, (PBY0-162330/A8)
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NCEER-89-0030

NCEER-89-0031

NCEER-89-0032

NCEER-89-0033

NCEER-89-0034

NCEER-89-0035

NCEER-89-0036

NCEER-85-0037

NCEER-89-0038

NCEER-89-0039

NCEER-89-0040

NCEER-85-0041

NCEER-90-0001

NCEER-90-0002

NCEER-90-0003
NCEER-90-0004

NCEER-90-00G5

NCEER-90-0006

NCEER-90-0007

"Seismic Behavior and Response Sensiuvity of Secondary Structural Systems,” by Y.Q Chen and T.T. Soong,
10/23/89, (PB90-164638/AS).

"Random Vibration and Reliability Analysis of Prnmary-Secondary Structural Systems,” by Y. [bralim, M.
Gnigonu and TT Soong, 11/10/89, (PB90-161951/A8).

"Proceedings from the Second U $. - Japan Workshop on Liquefaction, Large Ground Deformation and Their
Effects on Lifelines, September 26-29, 1989," Edited by T.D. O'Rourke and M. Hamada, 12/1/89, (PB90-
209388/A8)

" Deterministic Model for Seismic Damage Evaluation of Rewnforced Concrete Structures,” by .M. Braca,
A M Remhorn, J.B. Mander and S.K. Kunnath, 9/27/89.

“On the Relation Between Local and Global Damage Indices,” by E. DiPasquale and A.S. Cakmak, 8/15/89,
(PB90-173865).

"Cyclic Undrained Behavior of Nenplastic and Low Plasticity Silts,” by A.J. Walker and H.E. Stewart,
7/26/89, (PB90-183518/AS).

"Liquefactron Potenhial of Surficial Deposits 1n the City of Buffalo, New York," by M. Budhu, R. Giese and
L. Baumgrass, 1/17/89, (PB90-208455/A8).

"A Deterministic Assessment of Effects of Ground Motion Incoherence,” by A.S Veletsos and Y. Tang,
7/15/89, (PB90-164294/AS).

"Workshop on Ground Motion Parameters for Seismic Hazard Mapping,” July 17-18, 1989, edited by R.V.
Whitman, 12/1/89, (PB90-173923/A8).

"Seismic Effects on Elevated Transit Lines of the New York City Transit Authority,” by C.J. Costantino, C. A,
Muller and E. Heymsfield, 12/26/89, (PB90-207887/A8).

"Cenmrifugal Modeling of Dynamic Soil-Structure Interaction,” by K. Weissman, Supervised by J.H. Prevost,
5/10/89. (PB90-207879/AS).

"Lineanzed Identfication of Buildings With Cores for Seismic Vulnerability Assessment,” by I-K. Ho and
A E. Aktan, 11/1/89, (PBO0-251943/AS).
"Geotechnical and Lifeline Aspects of the October 17, 1989 Loma Prieta Earthquake 1n San Francisco,” by

T.D. O'Rourke, H.E. Stewart, F.T. Blackbum and T.S. Dickerman. 190. (PB90-208596/A8).

"Nonnormal Secondary Response Due to Yielding in a Pnmary Structure,” by D C.K. Chen and L.D. Lutes,
2/28/90, (PB90-251976/AS).

"Earthquake Education Materials for Grades K-12," by K.E.K. Ross, 4/16/90, (PB91-113415/AS).
"Catalog of Stwong Motion Stations 1o Eastern North Amenica,” by R W. Busby. 4/3/90. (PB90-251984)/AS.

"NCEER Strong-Motion Data Base A User Manua! for the GeoBase Release (Version 1.Q for the Sun3),”
by P Friberg and K. Jacob, 3/31/90 (PB90-258062/A8).

"Seismic Hazard Along a Crude Oil Pipehine in the Event of an 1811-1812 Type New Madrid Earthquake,”
by HHM. Hwang and C-H.S. Chen, 4/16/90(PB90-258054).

"Site-Specific Response Spectra for Memplns Sheahan Pumping Station,” by HHM Hwang and C.S. Lee,
5/15/90, (PB91-108811/AS5).
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NCEER-%0-0009

NCEER-90-0010

NCEER-90-0011
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NCEER-%0-0014

NCEER-90-0015

NCEER-90-0016

NCEER-90-0017

NCEER-90-0018

NCEER-%0-0019

NCEER-90-0020

NCEER-90-0021

NCEER-90-0022

NCEER-90-0023

NCEER-90-0024

NCEER-90-0025

"Pilot Study on Seismic Vulnerabihty of Crude Oil Transmission Systems,” by T. Anman, R Dobry. M.
Grigonu, F. Kozin, M. O'Rourke, T. O'Rowke and M. Shinozuka, 5/25/90, (PB91-108837/AS).

"A Program to Generaie Site Dependent Time Histonies: EQGEN,” by G W. Ellts, M Srinivasan and A.S.
Cakmak, 1/30/90, (PB91-108829/A5)

" Active Isolation for Sessmic Protection of Operaung Rooms,” by M E. Talbott, Supervised by M. Shinozuka,
6/8/9, (PB91-110205/AS).

"Program LINEARID for Identificaton of Linear Structural Dynamic Systems,” by C-B. Youn and M.
Shinozuka, 6/25/90, (PB91-110312/A8).

"Two-Dimensional Two-Phase Elasto-Plastic Seismic  Response of Earth Dams,” by AN,

Yiagos, Supervised by J H Prevost, 6/20/50, (PB91-110197/AS).

"Secondary Systems in Base-Isolated Structures: Expenmental Investigation, Stochastic Response and
Stochastic Sensitivity,” by G.D. Manolis, G. Juhn, M.C. Constantinou and A.M. Remnhorn, 7/190, (PB91-
110320/A8).

"Seismic Behavior of Lightly-Reinforced Concrete Column and Beam-Column Jomt Details,” by 8.P. Pessiki,
C H. Conley, P. Gergely and RN Whue, 8/22/90, (PB91-108795/A8).

"Two Hybrid Control Systems for Bmlding Structures Under Strong Earthquakes," by I.N. Yang and A.
Danzelians, 6/29/90, (PB91-125393/A8)

"Instantanecus Optimal Control with Acceleration and Velocity Feedback,” by I.N. Yang and Z. L1, 6/29/90,
(PB91-125401/A8).

"Reconnaissance Report on the Northern Iran Earthquake of June 21, 1990, by M. Mehrain, 10/4/90, (PB91-
125377/AS).

"Evaluation of Liquefaction Potential in Memphis and Shelby County,” by T.S. Chang, P.S. Tang, C.S. Lee
and H. Hwang, 8/10/50, (PB91-125427/AS).

"Expenimental and Analytical Study of a Combined Shding Disc Bearing and Helical Steel Spring Isolation
System,” by M.C. Constantinou. A.8. Mokha and A.M. Reinhorn, 10/4/90, (PB91-125385/A8)

"Experimental Study and Analytical Prediction of Earthquake Response of a Shiding Isolation System with
a Sphencal Surface,” by A.S. Mokha, M.C. Constanunou and AM. Reinhorn, 10/11/90, (PR91-125419/A8S).

"Dynamic Interacuon Factors for Floating Pile Groups,” by G. Gazetas, K. Fan, A. Kayma and E. Kausel,
9/10/90, (PB91-170381/A8).

"Evaluation of Seismic Damage Indices for Reinforced Concrete Structures,” by S. Rodriguez-Gomez and
A.S. Cakmak, 9/30/90, PB91-171322/A8).

"Study of Site Response at a Selected Memphis Site,” by H Desa, S. Ahmad, E.S. Gazetas and M.R. Oh,
10/11/90, (PB91-196857/A8)

"A User's Guide to Strongmo: Version 1.0 of NCEER's Strong-Motion Data Access Tool for PCs and
Termenals,” by P.A. Friberg and C AT. Susch, 11/15/90, (PB91-171272/A8).

"A Three-Dimensional Analytical Study of Spatial Vanability of Seismic Ground Motions,” by L-L. Hong
and A.H -8. Ang, 10/30/90, (PB91-170399/A8).
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NCEER-90-0026

NCEER-90-0027

NCEER-90-0028

NCEER-90-0029

NCEER-91-0001

NCEER-91-0002

NCEER-91-0003

NCEER-91-0004

NCEER-91-0005

NCEER-91-0006

NCEER-91-0007

NCEER-91-0008

NCEER-91-0009

NCEER-91-0010

NCEER-91-0011

NCEER-91-0012

NCEER-91-0013

NCEER-91-0014

"MUMOID User’s Guide - A Program for the Idenufication of Modal Parameters,” by S. Rodri guez-Gomez
and E. DiPasquale, 9/30/30. (PB91.171298/AS).

"SARCF-II User s Guide - Seismic Analysis of Remnforced Concrete Frames,” by S. Rodriguez-Gomez, Y.S.
Chung and C Meyer, 9/30/90, (PB91-171280/AS).
"Viscous Dampers: Testing, Modeling and Application i Vibratien and Seisrme Isolation," by N. Makris and

M.C, Constantinou, 12/20/9C (PR91-190561/AS).

“Sol Effects on Earthquake Ground Motions in the Memphus Area,” by H. Hwang, C.S. Lee, K.W. Ng and
T.S. Chang, 8/2/90, (PB91-190751/AS).

“Proceedings from the Third Japan-U S. Workshop on Earthquake Resistant Design of Lifeline Facilities and
Countermeasures for Soit Liquefaction, December 17-19, 1990,” edited by T D. O’Rourke and M. Hamada,
2/1/91, (PB91-179259/A8).

“Physical Space Solunons of Non-Proporuonally Damped Systems,” by M. Tong, Z. Liang and G.C. Lee,
1/15/91. (PB91-179242/AS).

"Seismic Response of Single Piles and Pile Groups,” by K. Fan and G. Gazetas, 1/10/91, (PB92-174994/AS).

"Damping of Structures: Part 1 - Theory of Complex Damping,” by Z. Liang and G. Lee, 10/10/91, (PB92-
197235/A8)

"3D-BASIS - Nenlinear Dynamic Analysis of Three Dimensional Base Isclated Structures: Part I1." by 8.
Nagarajaiah, A.M. Remnhorn and M.C. Constantinou, 2/28/91, (PB91-190553/A8).

"A Multudimensional Hysteretic Model for Plasticity Deformuing Metals in Energy Absorbing Devices,” by
E.L. Graesser and F.A. Cozzarelli, 4/9/91, (PB92-108364/AS).

"A Framework for Cuswomzable Knowledge-Based Expert Systems with an Application to a KBES for
Evaluating the Seismic Resistance of Existing Buildings." by E.G Tbarra-Anaya and SJ Fenves, 4991,
(PB91.210930/AS5).

"Nonhnear Analysis of Steel Frames with Semi-Rigid Connections Using the Capacity Spectrum Method,”
by G.G. Deierlein, S-H. Hsieh, Y-J. Shen and LF Abel, 7/2/91, (PB92-113828/AS).

"Earthquake Education Materials for Grades K-12," by K.E.K. Ross, 4/30/91, (PB91-212142/AS).

“Phase Wave Velocities and Displacement Phase Dhfferences in a Harmonically Oscillating Pile,” by N.
Makris and G. Gazetas, 7/8/01, (PB92-108356/AS)

“Dynamic Characteristics of a Full-Size Five-Story Steel Structure and a 2/5 Scale Model,” by K.C. Chang,
G.C. Yao, G.C Lee, D.S. Hao and Y.C. Yeh,” 7/291.

"Seismic Response of a 2/5 Scale Steel Structure with Added Viscoelastic Dampers,” by K.C. Chang, TT
Soong, S-T. Ch and M.L. Lai, 5/17/91 (PB92-110816/AS).

"Earthquake Response of Retaining Walls; Full-Scale Testing and Computational Modeling,” by S. Alampalli
and A-W.M. Elgamal, 6/20/91, to be published.

"3D-BASIS-M: Nonlinear Dynamic Analysis of Multiple Buiiding Base Isolated Structures,” by P C. Tsopelas,
S. Nagarajaiah, M.C Constantinou and A.M. Reinhom, 5/2801, (PR92-113885/AS).
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NCEER-91-0015

NCEER-91-0016

NCEER-91-0017

NCEER-91-0013
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NCEER-91-0020
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NCEER-91-0026

NCEER-91-0027

NCEER-92-0001

NCEER-92-0002

NCEER-92-0003

NCEER-92-0004

NCEER-92-0005

NCEER-92-0006
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Daniehans, 8/1/91, (PB92-143171/AS)

"The NCEER-91 Earthquake Catalog: Improved Intensity-Based Magnitudes and Recurrence Relations for
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