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PREFACE

The National Center for Eanhquake Engineering Research (NCEER) was established to expand
and disseminate knowledge about earthquakes, improve eanhquake-resistant design, and imple
ment seismic hazard mitigation procedures to minimize loss of lives and property. The emphasis
is on structures in the eastern and central United States and lifelines throughout the country that
are found in wnes of low, moderate, and high seismicity.

NCEER's research and implementation plan in years six through ten (1991-1996) comprises four
interlocked elements, as shown in the figure below. Element I, Basic Research, is carried out to
support projects in the Applied Research area. Element II, Applied Research, is the major focus
of work for years six through ten. Element III, Demonstration Projects, have been planned 10

support Applied Research projects, and will be either case studies or regional studies. Element
IV, Implementation, will result from activity in the four Applied Research projects. and from
Demonstration Projects.

ElEMENT I
BASIC RESEARCH

• seismic hazard .nd
ground motion

• Soli••nd geotechnlclil
."glneerlng

• Structura. and .yatem.

• Protectlva and
Intelilgant .ptam.

• Societal and economic
atudla.

ELEMENT II
APPUED RESEARCH

• The Building Project

• The Nonatructural
Componenta Project

• The Llfallna. Projact

• The Bridge ProJact

ELEIENT.
DEMONSTRAT10N PROJECTS

c..Stud...
• Adlve and hybrid control
• Hoapltal and dm proce_lng

faclllt...
• Short.nd medium ..,.n

brldgea
• Wa...pply -Vatema In

llemphl••nd SIIn Franclaco
Regional Stud••
• Vork City
• IppIV....y
• sen Franclaco Bay Ar.a

ELEMENT IV
IIFlEIIENTAnON

• ConfeNnceaIW~
• Educ8tlon!Tralnlng cour••
• Publication.
• Public AWlirane..

Research in the Building Project focuses on the evaluation and retrofit of buildings in regions of
moderate seismicity. Emphasis is on lightly reinforced concrete buildings. steel semi-rigid
frames, and masonry walls or infills. The research involves small- and medium-scale shake table
tests and full-scale component tests at several institutions. In a parallel effon, analytical models
and computer programs are being developed to aid in the prediction of the response of these
buildings to various types of ground motion.
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Two of the shon-tenn products of the Building Project will be a monograph on the evaluation of
lightly reinforced concrete buildings and a state-of-the-an report on unreinforced masonry.

The structures and systems program constitutes one of the important areas of research in the
Building Project. Current tasks include the following:

1. Continued testing of lightly reinforced concrete external joints.
2. Continued development of analytical tools, such as system identification, idealization,

and computer programs.
3. Perfonn parametric studies of building response.
4. Retrofit of lightly reinforced concrete frames, flat plates and unreinforced masonry.
5. Enhancement of the IDARC (inelastic damage analysis of reinforced concrete) computer

program.
6. Research infilled frames, including the development of an experimental program, devel

opment of analytical models and response simulation.
7. Investigate the torsional response of symmetrical buildings.

One of the k~ accomplishmenls in the rUvelopfMlII of evaluation fMthods for existing buildings
was the design and sh.aJce-table testing of three-story gravity-load designed buildings at the
University at Buffalo and at Cornell University. These tests followed extensive preparatory full
and reduced-scale component tests and the developfnenl ofcomputer models.

This is the third in a series of three reports summarizing the test program at the University at
Buffalo. The results of the shaleing table tests of the building model and extensive analytical
studies are reponed. The behavior of the building model IUlder a series of increasingly higher
level ground motions is described. Panicul3r attention is paid to the damage levels and the drift
levels for a building not designedfor latera/loads.
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ABSTRACT

This report is Part III of a three-part series prepared for a comprehensive Evaluation of typical

gravity load designed low-rise reinforced concrete frame buildings (lightly reinforced concrete

structures) for seismic adequacy. The study was done at State University ofNew York at Buffalo

- Earthquake Simulation Laboratory on a 1:3 scale building model designed for gravity loads

only. No considerations were made for seismic resistance and the general non-seismic detailing

provisions of ACI-318-89 were used for the design. The one-third scale three story model,

one-bay by three-bay. ofa typical office building was constructed to represent the critical interior

bay of a prototype structure.

Part I of the Evaluation Series presented the design objectives, geometric dimensions, material

strengths and initial dynamic properties of the model building, along with the simulated ba~

motions, so that analytical models could be developed and used to predict t~ inelastic response

of the model building during more severe earthquakes. The initial vibration 1(.sts and the respouse

from a minorearthquake were presentedto enable analytical structural modding and verification

of elastic response.

Components of structure, ie., structural subassemhlag~s of columns, column-to- bearn joints

and column-bearn·slabs models were constructed from the same materials as the structural

model and at same scale. These components were teste:! with cyclic loading to failure to

determin~ their structural parameters and ultimate limits. The results ofcomponents study were

the subject of Part II of the Evaluation Series.

A series of varying intensity simulated ground motion tests were performed on the one-third

scale building model using scaled accelerognu;.s Cln the shaking table to represent minor,

moderate. and severe earthquakes. The dynamic cha.-acteristics of the model after each seismic

event were identified from white noise shaking table tests. 'The results of this experimental

investigation are presented in this report (Part III of the Evaluation series).

Analytical models were developed to predict and interpret seismic response of the building

model based on identified member properties from engineering approximations, component

tests, and an experimental response fit. It is shown in this report that the response predictions

based on integratina the behavior from component tests (presented in Part n of these report

series) provide adequate correlation of the seismic Stnlctural response behavior, emphasizing

the importance of such component testing. A damage evaluation of the building model was
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performed anaytically to assess structural integrity after the induced ground motions in terms

ofdamage states. A modified damage modei was proposed to incorporate the additional damage

from P-delta effects in columns. The results of the analytical evaluations are presented in this

report.

It is shown in this report series that gravity load designed structures have some inherent strength

for resisting seismic: forces. However a weak column - strong beam behavior was evident in

the experimental response and large story drifts, beyond 2% of the story height (exceeding

current code recommended limits), may develop during strong earthquakes.
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SECTION 1

INTRODUCTION

1.1 Background

The study presented herein is part of a comprehensive research program sponsored by the

Nallonal Center for Earthquake Engineering Research (NCEER) on the seismic damage

assessment and performance evaluation of buildings in zones of low seismicity. such as in the

Eastern and Central United States. Buildings in l'uch zones are typically designed only for

gravity loads (U = lAD+ 1.7L, herein referred to as GLD) according to the non-seismic detailing

provisions of the code. These building are also termed lightly reinforced concrete (LRC)

structures throughout this study. Although such structures are designed without consideration

of lateral loads, they still possess an inherent lateral strength which may be capable of resisting

some minor and moderate earthquakes. However the deficient detailing of members can lead

to inadequate structural performance during seismic activity.

Two main parts from the current study (i) a seismic performance Evaluation of gravity load

designed RIC Frame Buildings and (ii) an evaluation ofseismic Retroftt ofRIC frame s.ructures.

The first part will be mentioned as Evaluation and the second as Retrofit.

A research program on the Evaluation of the seismic performance of gravity load designed

RIC frame builclinp was developed and carried out according to the plan outlined in Fig. I-I.

Based on a survey of typical building construction practices in the Eastern and Central United

States (Lao, 1990 and EI-Attar et al., 1991 a and 1991b), a one-third scale model was constructed

and tested on the shaking table in the State University of New York (SUNY) at Buffalo

Earthquake Simulation Laboratory. The prototype design, model construction and similitude,

initial dynamic characteristics, shaking table testing program along with the simulated ground

motions, and the elastic response of the model from minor base motions are presented in Part

I of the Evaluation Report Series (Bracci et al 19918). Based on this report, analytical models

can be developed and used to predict the inelastic response of the model building during more

severe earthquakes.
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Companion reduced scale slat-heam-eolumn subassemblages were also constructed with the

same materials in conjunction with the construction of the one-third scale model building are

presented in Part II of the Evaluation Report Series (Aycardi et al .• 1992). The component.,

were tested under quasi-static reversed cyclic loading and conducted prior to the testing of the

model building. The results of the component tests were used to identify the behaviorof localized

members and subassemblages of the structure and the member properties for predicting the

overall re!'ponse of the model building with analytical tools.

The experimental and analytical performance ofthe model building during moderate and severe

shakmg IS presented in Part III of the Evaluation Report Series (this report). The analytical

predictions of the model building during these earthquakes are presented based on member

behavior developed from engineering approximations and component tests. Some of the

conclusions of the evaluation study are that the response of the model is governed by weak

column - strong beam behavior and large story drifts develop under moderate and severe

earthquakes. A one-eighth scale model of the same prototype building was also constructed

and tested at Cornell University by EI-Attar et aI. ( 1991 b) as part of a collaborative study with

SUNYlBuffalo. A comparison of the response behavior between the two scale models is also

presented.

A second part of this research program was conducted to evaluate various seismic retrofit

techniques for RIC frame strudures typically constructed in low seismicity zones (see

Fig. I-I). Based on the seismic behavior of the one-third scale model from the previous study.

a series of retrofit schemes were proposed for improved seismic resistance and presented in Part

II of the Retrofit Report Series (Bracci et aI. I992b).

In Part Iof the Retrofit Report Series (Choudhuri et al .• 1992) ofthis research program. a capacity

analysis and redesign method for seismic retrofitting of RIC structures is developed and tested.

Retrofit using an improved concrete jacketing technique was selected and first performed on

companion components. The retrofitted components were then tested under quasi-static

reversed cyclic loading and used to identify the behavior of the individual members. Retrofit

of the components was also performed to verify the constructability of the retrofit technique for

the model building.

The work done in Part I of the Retrofit Report Series is used as base to evaluate and model the

member properties of the beam column components with the concrete jacketing technique and

is used further for predicting the response ofthe overall retrofitted model building with analyses
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presented in Part II of the Retrofit Report Series (Bracci et al. 1992b). Based on analytical

estimates. a global seismic retrofit for the one-third scale model building was proposed and

constructed. An experimental and analytical shaking table study of the retrofitted model building

was then conducted and the response behavior is presented. The main conclusions from this

study are that seismic retrofit of gravity load designed RIC frame buildings: (i) can be designed

to successfully enforce a strong column - weak beam behavior; and (ii) is a viable economic

and structural alternative as compared to demolition and reconstruction of another.

1.2 Oyerall ObJectiyes or Research Program

The objectives of the overall research program are sumMarized below along with the corre

sponding NCEER publications from Table 1-1:

I. Investigate the performance and principal deficiencies of typical LRC frame

buildings during earthquakes through shaking table testing of a one-third scale

model under minor. moderate. and severe earthquakes. (Seismic Resistance ofRIC

Frame Structures Designed only for Gravity Loads: Parts I and III. Evaluation

report series. by J.M. Bracci. A.M. Reinhom. and J.B. Mander)

2. Identify the potential collapse mechanisms for typical LRC frame buildings.

(Seismic Resistance of RIC FrarnL Structures Designed only for Gravity Loads:

Part Ill. Evaluation report series. by J.M. Bracci, A.M. Reinhom. and J.B. Mander)

3. Determine the behavior and material properties of individual members and sub

assemblages of the structure. (Seismic Resistance of RIC Fram£ Structures

DesignedonlyforGravity Loads: Part II. Evaluation report series. by L.E. Aycardi.

J.B. Mander. and A.M. Reinhom)

4. Determine the contribution of components in the overall response of the structure

near collapse. (Seismic Resistance of RIC Frame Structures Designed only for

Gravity Loads: Parts II and III. Evaluation report series. by J.M. Bracci. L.E.

Aycardi, A.M. Reinhom. and J.B. Mander)

5. Compare the measured response of the model building with that predicted by

analytical models developed from engineering approximations or from component
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tests using a non-linear time history dynamic analysis. (Seismic Resistance ofRIC

Frame Structures Designed only for Gravity Loads: Part Ill, Evaluation report

series, by J.M. Bracci, A.M. Reinhorn, and J.B. Mander)

6. Investigate appropriate local and global retrofit techniques for improving the

seismic performance of LRC buildings. (Evaluation of Seismic Retrofit of RIC

Frame Structures: Part II, Retrofit report series. by J.M. Bracci. A.M. Reinhorn,

and J.B. Mander)

7. Investigate the seismic performance of the retrofitted model building and compare

the measured response with the response of the original (unretrofitted) model from

the same earthquakes. (Evaluation of Seismic Retrofit of RIC Frame Structures:

Part II. Retrofit report series. by J.M. Bracci, A.M. Reinhom, and J.B. Mander)

8. Determine the behavior and material properties of the retrofitted members and

subassemblages of the structure. (Evaluation of Seismic Retrofit of RIC Frame

Structures: Part I, Retrofit report series, by D. Choudhuri, lB. Mander, and A.M.

Reinhom)

9. Determine the contribution of retrofitted and unretrofitted components in the

overall response of the structu'"C near collapse. (Evaluation ofSeismic Retrofit of

RIC Frame Structures: Part I, Retrofit report series, by D. Choudhuri, J.B. Mander,

and A.M. Reinhom)

10. Compare the measured response of the retrofitted model building with that pre

dicted by analytical models developed from engineering approximations or from

component tests using a non-linear time history dynamic analysis. (Evaluation of

Seismic Retrofit ofRIC Frame Structures: Pan II, Retrofit report series, by J.M.

Bracci, A.M. Reinhom, and J.B. Mander)
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TABLE I-I NCEER Publications Summarizing Current Study

EVALUATION SERIES:

Seismic Resistance of RIC Frame Structures Designed only for Gra~ity Loads

Part 1: Design and Properties oj a One-Third Scale Model Structure
(by J.M. Bracci. A.M. Reinhom. and J.B. Mander). NCEER-92-0027

(i) Identification of deficiencies of current engineering praclJce.
(il) Scale modeling

(iiI) b.perimental idenlJticalJon of structural characteristics.
(iv) Ground mOlions for structural evaluation and ellperimental program

Note: This repon serves as bare material for evaluation of analytical t()(lls.

Part 1/: Experimental PerJormance ojSubassemblages
(by L.E. Aycardi. J.B. Mander. and A.M. Reinhom), NCEER-92-0028

(I) Identify ~havlor and deficiencies of various components in structures
(ii) Identify mem~r characteristics for developing analytical models to predict the seismic response

of the one·third scale model structure.
Note: This repon serves as evaluation of structural characteristics III~ incorporated in the evaluation

of the entire structural system.

Part Ill: Experimental Performance and Analytical Study oj Structural Model
(by J.M. Bracci. A.M. Reinhom. and J.B. Mander). NCEER-92-0029

(i) Investigate the performance and principal deficiencies of typical gravity load designed frame
buildings during earthquakes through shaking table testing of a one-third scale model under
minor. moderate and severe earthquakes.

(ii) Identify the potential collapse mechanisms for such typical frame buildings.
(iii) Compare the measured response of the model building with that predicted by analytical models

developed from ll) engineering approllimations. (2) component tests, and (3) an ellperimental
fit using a non· linear time history dynamic analysis.

Note: This repon emphasizes the structural behavior. collapse margins via damage. and dficiency of
predictions using component propenies evaluated from tests.

RETROFIT SERIES:

Evaluation of Seismic Retrofit of RIC Frame Structures

Part I: Experimental Performance ojRetrojilted Subassemb14ges
(by D. Choudhuri. J.B. Mander. and A.M. Reinhom). NCEER-92-OO30

(i) Presentation of retrofit techniques.
(ii) Identify constructability and behavior of retrofitted components.

(iii) Identify retrofitted member characteristics for developing analytical models to predict seismic
response of the retrofitted model building.

Part II: Experimental Performance and Anaiytkal Study ojRetrojilted Structural Model
(by J.M. Bracci. A.M. Reinhorn. and J.B. Mander). NCEER-92-Q031

(i) An analytical seismic evaluation of retrofitted gravity load designed frame buildings using
various local and global retrofit techniques.

(ii) Shaking table testing of one of the proposed retrofit techniques on the 113 scale model under
minor, moderate. and severe earthquakes.

(iii) Verify a change in formation of the potential collapse mechanism under ultimate load from an
undesirable: column-sidesway/soft-story mechanism to a more desirable bc:am-sidesway
mechanism.

(iv) Compare the measured response ofthe retrofitted model building with thatpredio.·led by analytical
models developed from engineering approllimations and component tests uSing a non-linear
time history dynamic analysis.
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1.3 Scope of this Report

The intentions of this report are to identify: (i) the slrUctural behavior during seismic activity:

(ii) the safety margin before collapse based on damage evaluation and (iii) the adequacy of

predictions of response using component properties evaluated from tests.

Section 2 details the response of the model from tests with moderate and severe earthquake

motions. A corresponding damage evaluation and identification of the ensuing dynamic

characteristics of the model is provided. The maximum story response and dynamic charac

teristic history of the model from the minor. moderate. and severe earthquakes is summarized.

Finally. the concluding remarks on the seismic excitation of typical LRC buildings are outlined.

Section 3 presents the analytical models developed for predicting the seismic response of the

model and the comparison with the experimentally measured response. The member and overall

slrUctural damage from the earth')uakes is analytically quantified in terms of damage indices.

Identification of the critical earthquake and collapse patterns for the model are also made

analytically. A modified damage index is proposed to incorporate the additional damage from

the P-delta effect in columns. Finally. an elastic analysis is used to help identify the response

reduction factors of the inelastiC response.

Section 4 presents a summary and conclusions of the third and final phase of the evaluation

study.

1.4 Summary of Structural Behavior Durin. MInor Base Motions

The global and local response of the model building during the minor earthquake (Taft N21 E.

PGA 0.05g) was presented in Part I of the Evaluation report series (Bracci et aI. 1992a). It was

shown that the response of the model was primarily governed by elastic deformations. However

some slight cracking was observed in some of the columns. The white noise identification test

showed that only slight changes of natural frequencies and story stiffnesses resulted form the

minor base motion. Therefore. it was concluded that although the gravity loaddesigned buildings

are not designed for lateral forces. the inherent lateral strength and flexibility of such buildings

are sufficient to resist the forces of very minor earthquakes.
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SECTION 2

INELASTIC RESPONSE DURING MODERATE AND

SEVERE SHAKING

2.1 Introduction

The structural response for the one-third scale three story model tested on the shaking table for

dynamic characteristic identifications and under a minor (low level earthquake) base excitation

(TFC05) was presented by Bracci et al. (1992a). It was shown that the response was primarily

governed by elastic deformations with little energy dissipated by each story.

In this section, a moderate b~ motion, the Taft N21E accelerogram with the peak ground

acceleration (PGA) scaled to 0.20 g, is first used for expected large story drifts and inelastic

deformations in the model. The structural response, the damage evaluation, and the identification

of the ensuing dynamic characteristics of the model are presented.

A more severe shaking is subsequently used (Taft N21E accelerogram with the PGA scaled to

0.30 g) to create further inelastic structural behavior and to identify the potential dynamic

collapse mechanism for the model. Likewise, the response results, damage evaluation, and

ensuing dynamic characteristics of the model are presented.

2.2 Response to Moderate Earthquake

Following the identification tests for determining the current dynamic properties and stiffness

matrix of the model (WHN_C and WHN_D), a moderate table motioo, the Taft N21E accel

erogram component nonnalized for a PGA of 0.20 g, was used to excite the model (herein

referred to as TFC20). Figs. 2-1a and 2-lb show the desired and achieved shaking table

acceleration motions for TFf_20. Fig. 2-lc shows a short segment of the desired and achieved

shaking table motions, from which a high degree of similarity exists.

2.2.1 Global Response

Fig. 2-2 shows the story displacement time histories of the model for shaking table test TFf_20.

Figs. 2-3c and 2-3b show the shear force time histories identified from the load cells in the first

and second story columns. Since load cells are not installed in the third story columns, the third

2-1



maximum response magnitudes exist between the tests. Some explanations arc due to: (i) the

different inertial mass and natural frequencies; (ii) the different Taft component of base motion;

and (iii) the different material properties.

TABLE 2-1 Maximum Response for Moderate Earthquake TFf_20

Story Max. Story Max. Inter- Max. Story Max. Story Peak Story

Displacement Story Drift Shear Load Acceleration

(in.) (%) (k.ips) (kip~ ) (g)

Third 1.32 0.54 5.6 5.6 0.20

Second 1.14 1.07 9.3 5.7 0.20

First 0.64 1.33 12.3 (15.2%W) 7.8 0.25

Fig. 2-6 shows the story shear force versus inter-story drift histories for each floor of the model

for TFT_20, along with the low amplitude initial st~ffnesses from the previous white noise

excitation (WHN_D). The post-erack.ingl-yielding story stiffness ~herein referred to as the

secondary stiffness) is also identified for TFT_20 as 16.5 kip/in and 15.6 kip/in for first and

second floors, respect:vely. Since the third stor" remains primarily elastic, the third story

secondary stiffness can not be identified from this intensity motion. A comparison of the

resulting secondary stiffnesses from the severe ground motion will be pursued to detect any

changes due to continued inelastic deformation and strength deterioration in the members of

that story. It can be observed from Fig. 2-6 that considerable inelastic behavior and

corresponding stiffness reductions has plimarily occurred to the first and second stories from

TFf_20. It should be noted that story shear force versus inter-story drift histories corresponds

to the response of the story as a whole. Therefore, although inelastic deformations can be

observed, the location of such damage can not be distinguished, but will be identified later

through the local response.

Fig. 2-7 shows the energy time histories for TFT_20. The total input energy to the structural

system is 24.0 kip-in, which is about 14 times greater than the input energy from TFT_05 (1.7

kip-in). The percentage ratio of the dissipated hysteretic and viscous damped energies by each

floor with respect to the total structural energy dissipation is 53.2% : 33.2% : 13.6%, respectively

for the first, second, and third stories. It should be noted that although the hysteretic and viscons

damped energies can not be identified separately since damping is induded in the experimental
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recordings of the story shears, a majority of the dissipated energies occurs due to inelastic

deformations or hysteresis in the stories. This is speculated based on the small equivalent viscous

damping present and the large quantity of dissipated energies.

2.2.2 Local Response

The internal forces in the column and beams, member sections designated in Fig 2-8, w~re

measured during the moderate shaking and are presented in the following discussions.

Fig. 2-9 shows the inc'lced shear forces on the exterior and interior first story columns (base

shear) for table motion TFT_20. It can be observed that the shear force demands in the interior

columns are similar and are larger than the exterior columns. Also note that the exteriorcolumns

auract higher shear forces when the axial force increases. Thus the resulting shear force demands

in the exterior columns with greater axial force are about 75% of interior column shear force

demands, while the exterior columns with less axial force are about 50%.

Fig. 2-10 shows the bending moment versus axial load interaction histories for the columns of

the first and second stories. The cracking, nominal ultimate, and projected dynamic ultimate

surfaces were presented in Part I ofthe Evaluation series (Bracci et al, 1992a). It can be observed

that the bending moment versus axial load interaction histories in the columns extend well

beyond the cracking surface and in some cases beyond the nominal ultimate bounds. Forcolumns

#3 and #4 (first floor south-east columns), the moment-axial load interaction extends to the

projecteddynamic ultimate surface. This extension occurs on the "large pulse" and then remains

within the nominal ultimate bounds. Therefore, it is concluded that large inelastic defonnations

and yielding of first and second story column members has occurred for TFI'_20, especially

during the "large pulse". Also axial loads variations exist in the exterior columns (observed by

the slope in the interaction history) with very little fluctuation occurring in the interior columns.

Figs. 2-11 a and 2-11 b show the first story beam bending moment time histories in the south

and north sides of the model at the column face along with the ultimate moment surfaces. 'The

ultimate surfaces for the beams were presented in Part I of the Evaluation series (Bracci et al,

(1992a) and considered strength contributions from the slab reinforcement within the flange

width from the ACI Code (18 in.) and also within the full slab width (60 in.). It can be observed

that the positive moment demand (plotted negative) in exterior beam section Exbm151 exceeds

the nominal ultimate bounds which considers the pull-out effect of the positive longitudinal

reinforcement, while the others remain within this surface. Note that the positive nominal
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ultimate surfaces without pull-out considerations are shown for representation but can be dis

carded since the required de\ .Jment lengths of the bottom rebars are not provided for full

strength. Also the negative moment demands (plotted positive) in several of the beams exceed

the nominal ultimate surface which considers the slab steel within the ACt flange width. But

since larger contributions of slab steel remain throughout the slab, the members are well within

the ultimate bounds.

Fig. 2-12 shows the bending moment versus corrected curvatures for the instrumented members

of the first floor north-east exterior and interior joints at the column and beam faces along with

the member moment capacities. Yielding and inelastic behavior can be observed in the columns

and in exterior beam section Exbm 151 (positive pull-out moment direction). The full positive

moment capacity. consider ing the pull-out effect, is achieved and yielding has occurred.

However, pull-out of the bottom beam reinforcement is not evident since the bending moment

strength has not deteriorated and large curvatures do not develop. Note that the inelastic behavior

in the columns would be more appreciable on the south-east side of the model. This can be

observed in Fig. 2-lOa where the interaction histories for columns #3 and #4 extend to the

projected dynamic ultimate surface, whereas the interaction histories for columns #1 and #2

remain within the projected dynamic ultimate surface. The interior beam sections, Exbml52

and Exbml53. remain primarily elastic. Therefore as expected, the slab steel from the full slab

width has sig..:ificant contribution to the beam moment capacity. In conclusion, yielding has

occurred in the columns and in section Exbml51.

The bending moment diagrams for the model when the first story drift w~ maximum in each

direction. along with the corresponding story displacements and nominal moment capacities,

are shown in Fig. 2-13. It can be observed that mo!>t of the column moments in the first and

second stories have reached the nominal ultimate capacities. Only the exterior columns away

from the direction in which the structure was moving (at that instant in time) remain below

nominal capacity. Thus a complete column-sidesway or soft-story failure mechanism did not

develop at this instant in time.

The observed visual structural damage to the scaled model due to the TFf_20 shaking table

test is shown in Fig. 2-14. The following points highlight the observed structural damage which

are typical for the east and west frames of the model:

(a) flexural cracks appeared in the splice zone of the first and second story, interior

and exterior columns near the location of the transverse hoop reinforcement;
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(b) flexural cracks appeared in the columns at the underside of the first and second

story longitudinal beams and above the first story slab;

(c) vertical flexural cracks appeared in the web of the exterior longitudinal beams

(sections Exam 15 I and Exbm48 I of the first and second stories) near the location

of the transverse beam reinforcement;

(d) exterior columns \:racked at the construction joint fully around the columns and at

the beam-eolumn joint intersections.

Fig. 2-15 shows the damage state (potential dynamic collapse mechanism) of the model after

TFf_20. It can be observed that yielding has occurred in the first and second story columns.

Some yielding in the beams also occurs during the "large pulse". especially in the pull-out

moment direction for beam section Exbm151. Therefore. the development ofa column-sidesway

or soft-story collapse mechanism is expected to occur under ultimate loading.

2.3 Dynamic Properties after Moderate Shaking

The identification of the ensuing dynamic properties after TFf_20 are detennined from the

white noise excitation label as WHN_E. Fig. 2- 16 shows the story transfer functions for each

floor of the model. Inelastic response from a stick-slip type condition can be observed by the

excitation of many frequencies near the mC"des of vibration. To filter these high frequencies.

the signal of the story transfer functions are smoothed using a moving average of three digital

points and are shown in Fig. 2-17. Since small damping and well separated modes can be

observed. the average natural frequencies after TFf_20 are identified as follows and tabulated

in Table 2-2:

(

1.42J
f, = 4.37

6.18

Hz. (2.1)

It can be observed from Table 2-2 that the modal natural frequency reductions of 17.0%, 16.3%,

and 15.6%, respectively occurred due to the TFT_20 test. These reductions correspond to

inelastic deterioration and are considerably larger than that after TFC05.
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Ttte modal shapes and participation factors after test TFT_20 are also identified from the story

transfer functions of test WHN_E and tabulated in Table 2-2. Slightly varying modal shapes

and participation factors can be observed before (WHN_D) and after (WHN_E) test TFT. 20.

Thjs can be attributed to the inelastic behavior of the model from the moderate ex.citation.

The equivalent viscous damping factors are determined from the transfer functions (see Part I,

Bracci et al., 1992a) as 6.6%, 5.6%, and 2.8%, respectively. A large variation can be observed

in comparing the damping factors before and after TFC20 from Table 2-2. Again since the

model experienced inelastic deformations from test TFf_20, large equivalent viscous damping

has occurred due to the contributions from hysteretic damping. Therefore, non-linear damping

characteristics occur from the inelastic deformations.

The updated stiffness matrix of the model is developed using the dynamic characteristics of

white noise excitation WHN_E (see Part I, Bracci et al., I992a) and shown in Table 2-2. It can

be observed that the sum ofthe diagonal terms ofthe stiffness matrix is reduced by an additional

29.2% after the TFf_20 test or 36.7% of the undamaged model (WHN_B). SKry stiffness

reductions of 41.7%, 30.5%, and 20.7%, respectively for the first, second, and third stories,

have resulted from TFC20.

Fig. 2-18 shows the story she«.r versus inter-story drift histories for WHN_E. The low amplitude

initial stiffnes~s after TFC20 (WHN_E) are tabulated in Table 2-3 along with the results of

WHN_B and WHN_D. It can be observed that the stiffnesses are reduced by an additional

30.6%,33.2%, and 29.0% or 33.6%,38.0%, and 40.0% ofthe original stiffnesses from WHN_B,

respectively for the first, second, and third floors. Note that the average of lese reductions is

similar to the reductions found in the stiffness matrix in Table 2-2.

To obtain the first mode natural frequency identified from WHN_E arter the TFf_20 base

motion (1.42 Hz.), by analysis, the member stiffness properties used in STAAD™ were:

(EI)mcmbcr =0.358 (EI). (2.2)

where (EI)mcmbcr is the reduced beam or column member stiffness based on the respective

gross member area.
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Note the,e reduced member stiffnesses are 31.2% less than the stiffnesses used after TFT_05

and 37.6% less than the undamaged state. The analytical prediction of the natural frequencies,

modal shapes. and stiffness matrix ofthe model afterTFT_20 based on input member properties

;n STAAD [Eq. (2.2)] are shown in Table 2-4 along with the results from WHN_E. It can be

observed that the first mode natural frequency and modal shape matrices are comparable with

the identified results from WHN_E. But note that slight deviations occur in the second and

third mode natural frequencies. Also a 0.3% deviation is observed in the sum of the diagonal

terms of the identified stiffnes!'. matrix and comparable story stiffnesses are observed. Therefore

an accurate prediction of the stiffness matrix is achieved when the first mode natural frequency

is duplicated in STAAD.

TABLE 2-2 Dynamic Properties and Stiffness Matrix before and after Moderate Shaking

WHN_D (before) WHN_E (after)

Natural [171] (142]
Frequencies f, = 5.22 f, =l4.37

(Hz.) 7.32 6.18

Modal 11.00 -0.88 -040] [100 -0.95 -0.45]
Shapes <1>" : lO.79 0.58 1.00 CI>,J = 0.83 0.55 1.00

0.41 100 -0.86 0.43 1.00 -0.78

Modal [ 0.43 ] [ 044 ]Participation f, = 0.13 f, = 0.11

Factors -0.05 -0.05

Damping [4.0] [6.6 1
Ratios ~,= 2.9 ~ = 5.61

(%) 1.3 2.8;

Stiffness [ 446 -45.8 -27J [ 36.4 -36.3 -10 ]
Matrix K'j = -45.8 92.8 -44.9 K'J = -36.3 67.6 -31.2

(kiplin) -2.7 -44.9 94.1 -1.0 -31.2 59.9

Story [458] [363JStiffnesses k, = 44.9 k, = 31.2

(kip/in) 49.2 28.7
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TABLE 2-3 Low Amplitude Initial Stiffnesses from the Shear versus Inter-Story Drift

Histories

Story WHN_B WHN_D WHN_E

(kip/in) (kip/in) (kip/in)

Third 40.0 33.8 24.0

Second 42.4 39.4 26.3

First 51.2 49.0 34.0

TABLE 2-4 Analytical and Experimental Comparison of the Dynamic Properties

Experimental (WHN_E) Analytical 1STAAD (0.358 (El).)]

Natural [1.42] [1.42]
Frequencies f; = 4.37 f, = 4.14

(Hz.) 6.18 6.32

Modal [1.00 -0.95 -045] [1.00 -0.81 -0.43]
Shapes <1»;) = 0,83 0.55 1.00 <I»;j = 0.78 0.53 1.00

0,43 1.00 -0.78 0.40 1.00 -0.88

Stiffness [ 36.4 -36.3 -1.0 ] [ 29.6 -32.3 2.8 ]
Matrix K,j = - 36.3 67.6 -31.3 K.j = -32.3 65.1 -35.6

(kip/in) -1.0 -31.3 59.9 2.8 -35.6 68.6

Story (363] [32.3]
Stiffnesses k; = 31.2 k; = 35.6

(kip/in) 28.7 33.0
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FIG. 2-8 Member Designations
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2.4 Response to Severe Earthquake

A severe table motion, the Taft N2 IE accelerogram scaled for a peak ground acceleration PGA

of0.30 g, was used subsequently to ex.cite the model (herein referred to as TFf_30). Figs. 2-19a

and 2-19b show the desired and achieved shaking table acceleration motions for TFf_30. Fig.

2-19c shows a short segment of the desired and achieved shaking table motions, which indicate

good reproduction of the original earthquake.

2.4.1 Global Response

Fig. 2-20 shows the story displacement time histories of the model for test TFf_20. Fig. 2-21

shows the story shear force time histories identified from the load cells and the third story level

accelerometers. Figs. 2-22a and 2-22b show a magnified overlayed portion of the story dis

placements and shear forces, respectively. Initially. both the story displacements and shear

forces are observed to be moving primarily in phase, including the "large pulse". Then

out-of-phase actions, resembling the second mode of vibration, can be observed. Figs. 2-23a

and 2-23b show the story displacements and shear forces when the maximum first story drift

occurred. The shape of the magnitudes of the story displacements at this point in time resembles

the shape caused by the first mode of vibration of the model. However, the magnitude of the

second story shear force is comparable with the first story shearat this instant oftime. Therefore,

it is concluded that the structural response is initially governed by the first mode of vibration

for the TFT_.30 test, followed by contributions from the higher modes (mostly the second mode).

From Fig. 2-20, it can also be observed that a slight permanent second story displacement has

occurred due to the TFT_30 test. The displacement of the third story is an offset caused by the

permanent displacement of the second floor.

Table 2-5 summarizes the maximum story displacements, inter-story drifts, story shear forces,

story loads, and peak story accelerations for each floor of the model for TFf_30. It can be

observed that the maximum inter-story drifts for the first and second stories are 2.03% and

2.24%, with the larger drift occurring at the second floor. The base shear force demand (12.4

kips) is 15.3% ofthe tNal structural weight and is only increased slightly ascomp~ to TFL20

(12.3 kips). Therefore a response reduction occurred due to inelastic behavior (quantified in

Section 3). Also the maximum story shear force for the second floor is comparable with that

of the first floor and is increased by about 25% as compared to TFr_20 (9.3 kips). Therefore,
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from larger inter-story drifts and shear force demands. severe damage is expected on the second

floor for this base motion. Also nme from Table 2-5 that there are little story level acceleration

reductions. This is due to the inelastic behavior of the model under such table motions.

E1-Attar et a1. ( 1991). for the Taft S69E motion at a PGA of 0.35 g. observed maximum first

and second story drifts of2.63% and 1.94% ofthe story height and a base shear demandof9.4%

of the total structural weight [or 12.11 % based on the weight proportions with this study (see

Section 2.2.1 )]. Some deviations in the response magnitudes can be observed and also note that

the first story was critical in his test.

TABLE 2-5 Maximum Response for Severe Earthquake TIT_30

Story Max. Story Max. Inter- Max. Story Max. Story Peak Story

Dispbcement Story Drift Shear Load Acceleration

(in.) (%) (kips) (kips) (g)

Third 2.35 0.89 7.1 7.1 0.25

Second 2.05 2.24 11.6 7.4 0.22

First 0.97 2.03 12.4 (I5.3%W) 9.4 0.29

Fig. 2-24 shows the story shear force versus the inter-story drift histories for each floor of the

model for test TFT_30. It can be observed that a considerable amount of inela.~ticdeformations

occurs in all stories from the severe table motion TIT_30, especially on the first and second

stories during the "large pulse". The secondary stiffnesses are identified on the first and second

stories as 11.3 kip/in and 10.2 kip/in. respectively. This corr:~sponds to secondary stiffness

degradations of 31.5% and 34.6%. respectively for the first and second stories as compared to

TFT_20. Therefore, the inelastic properties of the RIC members degrade as a result ofcontinued

inelastic deformations (history dependent). as expected.

Fig. 2-25 shows the energy time histories for Tl-I_30. The total input energy to the model is

34.4 kip-in. which is about 20 times and 1.4 times greater than the input energy from TFT_05

and TFT_20. respectively. The percentage ratio of the dissipated energies by each floor with

respect to the total structural energy dissipation is 41.5% : 42.6% : 15.9%. respectively for the

2-32



first, second, and third stories. In comparison with TFC20, the percentage ratio was 53.2% :

33.2% : 13.6%, respectively. Therefore, a larger amount of dissipated energy is absorbed by

the second floor from TFC30.

2.4.2 Local Response

Fig. 2-26 shows the induced shear forces on the exterior and interior first story c..>lumns (base

shear) for table motion TFT_30. It can be observed that the shears in the interior columns are

larger than the exterior columns. However, at the "large pulse", the shear force demand in the

exterior column in the direction of motion (column #4 with greater axial force) is comparable

with the interior columns. This implies that the interior columns have reached capacity and the

additional shear is absorbed by the exteriorcolumns. However the shear in the exteriorcolumns

with less axial force are about 50% of the interior column shears. Note that the exteriorcolumns

also attract higher shear forces throughout the time history when the axial force tncreascs.

Fig. 2-27 shows the bending moment versus axial load interaction diagrams for the columns of

the first and second stories. It can be observed that the actual interaction histories in the columns

during the test extend beyond the nominal ultimate bounds. For columns *3, 14, 17, and t8

(flfSt and second floor south-east columns), the moment-axial interactions extend beyond the

projected dynamic ultimate surface. This extension ocr.urs on the fust "large pulse" and then

remains within the projected dynamic ultimate bounds. Therefore large damage develops in

the columns of the first and second floors. Since this extension is beyond the projected dynamic

ultimate surface and the model did not collapse, itcan be alsoassumed that the material strengths

considering strain rate effects and hardening were slightly underestimated.

Figs. 2-28a and 2-28b show the fust story beam bending moment time histories at the column

face. The ultimate moment surfaces are also specified for comparison. It can be observed that

the positive moment demand (plotted negative) in exteriorbeam ExbmlSl exceeds the nominal

ultimate bounds which considers the pull-out effect of the positive longitudinal reinforcement.

Therefore, a 50% reduction in rebar area (based on the ratio of the provided and required~

totype embedments lengths) for calculating beam moment capacity with insufficient anchorage

was overconservative. Also, this surface was developed with slabsteel contributions only within

the ACI-318 flange width. Therefore, slab steel contributions within the full slab width may

have influenced the additional positive beammomentcapacities. The negative momentdemands

(plotted positive), in general, exceed the nominal ultimate surface which considers the slab steel
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within the ACI flange width (18"). However, the demand is well within the ultimate bounds

when the slab steel within the full slab width is considered. Therefore, it is concluded that the

beams remain primarily undamaged (with exception of the exterior beams) and that the capacity

of the beams are influenced by the full slab reinforcement (not only within ACI-318 specified

width), which diverts damage from the beams.

Fig. 2-29 shQWS the moment versus curvature for the instrumented members of a first floor

(north-cash.xterior and interiorjoints). Strong inelastic behaviorcan be observed in the columns

with moment demands near capacities. Inelastic behavior also occurs in beam section Exbm 151

with full positive moment capacity based on partial unbonded reinforcement being achieved.

Some pull-out of the positive beam reinforcement, associated with reinforcement slip, develops

at this section as observed by the pinching in Fig. 2-29a. The interior beams sections suffer

only slight inelastic deformations and are well within their ultimate strengths (full slab steel

contributions to beam moment capacity are attributed). Reinforcement slip has not occurred in

the interior beam-column joints (Fig. 2-29b). Note that the inelastic behavior is more appreciable

in the columns of the south-east side of the model. This can be observed in Fig. 2-27a for

columns #3, #4, #7, and #8, in which the actual moments extend beyond the projected dynamic

ultimate surface.

The bending moment diagrams for the model when the first story drift was maximum in each

direction, along with the corresponding story displacements and nominal moment capacities,

are shown in Fig. 2-30. It can be observed that most of the moment demands in the first and

second stories column have reached the nominal ultimate capacities. Only the exterior coll.mns

away from the direction in which the structure was moving (at that instant in time) remain below

nominal capacity (a similar observation was previously made with the column base shears).

Thus, a complete failure mechanism did not develop at this instant in time, but the structure is

very close to failure on the second floor.

The observed visual structural damage to the model due to the TFf_30 shaking table test is

shown in Fig. 2-31. The following points highlight the observed structural damage:

(a) cracking in the splice zone near the location of the transverse hoop reinforcement

in the lower interior and exterior columns;
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(b) cracking in the upper columns at the underside of the first and second story

longitudinal beams and near the transverse hoop reinforcement;

(c) columns cracked at construction joints fully around the columns and in the

beam-coluDlll joints;

(d) vertical cracks in the web of the exterior longitudinal beams near the location of

the transverse beam reinforcement;

(e) large vertical cracks at the column face in the second story exterior beams. Since

large response were observed on the second story. pull-out of the discontinuous

rebars probably occurred;

(f) some slab cracks were observed along the transverse beams.

Fig. 2-32 shows the damage state of the model after TPe30. It can be observed that yielding

has occurred in the first and second story columns. Some yielding in the beams also occurred

during the "large pulse". especially in the exterior beams. It is evident that a column-sidesway

or soft-story collapse mechanism is in development. EI-Attar et al. (1991) also observed the

same incipient collapse mechanisms.

2.5 Dynamit Properties after Severe Sbaldna

The identification of the ensuing dynamic properties after TFT_30 are determined from the

white noise excitation label as WHN_F. Figs. 2-33 and 2-34 show the transfer functions and

smoothed transfer functions for each floor of the model. respectively. Many frequencies are

excited in the vicinity of the modes of vibration due to the stick-slip type conditions caused by

member cracking. which actually signifies inelastic response in the structure. Since small

damping and well separated modes can be observed, the average natural frequencies are obtained

as follows (see also Table 2-6):

[
1.20)r; = 3.76 Hz.
5.27
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It can be observed that the three natural frequencies (see Table 2-6) are reduced by an additional

15.5%, 14.0%. and 14.7%, respectively. The modal shapes and modal participation factors are

also calculated from the story transfer functions and are shown in Table 2-6. Deviations can

be observed among the various tests. especially note the variation in the first mode.

The equivalent viscous damping factors are determined from the smoothed transfer functions

as 7.0%, 2.3%, and 1.8%, respectively. Since the model experiences inelastic deformations

during test TFT_30, a larger first mode damping factor is observed due to contributions from

hysteretic damping. Also note that the second and third mode damping factors have decreased.

inevitably due to smoothing of the transfer functions.

The updated stiffness matrix of the model. developed from the smoothed transfer functions, is

shown in Table 2-6. It can be observed that the sum of the diagonal terms ofthe stiffness matrix

after the TFT_30 test is reduced by an additional 26.9% as compared to WHN_E or 53.7% of

the undamaged model (WHN_B). Additional story stiffness reductions of 28.2% and 31.7%

have resulted on second and third stories. respectively from TFT_30. This is evident from the

response from TFL30 where large demands occur in the second floor. The first story suffers

only slight deterioration. Therefore. large stiffness deteriorations occur in the second and third

floors from TFT_30. Total story stiffness reductions from the shaking table motions are 43.3%,

58.8%, and 53.6%, respectively as compared to WHN_B.

Fig. 2-35 shows the story shear versus inter-story drift histories for WHN_F. The low amplitude

initial stiffnesses after TFT_30 (WHN_F) are tabulated in Table 2-7 along with the results of

WHN_B and WHN_E. It can be observed that the story stiffnesses are reduced by an additional

18.2%. 45.6%. and 40.4% from WHN_E (after strong shaking) or 45.7%. 66.3%. and 64.3%

of the original stiffnesses from WHN_B. Note the large reductions of the upper floors. Also.

the averages of these reductions are similar to the reductions found in the stiffness matrix in

Table 2-6.

The analysis using STAAD is used to verify the calculation of the first natural frequency from

WHN_F after the TFT_30 base motion (1.20 Hz.). The analytical model is used with reduced

member stiffnesses of0.255 E". The analytical results for the natural frequencies. modal shapes.

and stiffness matrix of the model are shown in Table 2-8 a1<.'ng with the results from WHN_F.

It can be observed that the natural frequencies. modal shapes. and sllffness matrix (2.9% error)

are comparable with the identified results from WHN_F. Therefore. by using a reduced stiffness
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that fits the first natural frequency, the analytical model used in STAAD can produce accurate

values for all dynamic properties. For comparison. the original "undamaged" analytical model

(WHN_B) used reduced member stiffnesses of 0.565 EIg (total reduction of 54.9%).

TABLE 2-6 Dynamic Properties and Stiffness Matrix before and after Severe Shaking

WHN_E (before) WHN_F (after)

Natural (142) [(20)
Frequencies r, = 4.37 f, = 3.76

(Hz.) 6.18 5.27

Modal [100 -0.95 -045) [LOO -0.86 -046)
Shapes eJ),} = 0.83 0.55 1.00 eJ)'J = 0.75 0.64 1.00

0.43 1.00 -0.78 0.33 1.00 -0.94

Modal r44

} r43
}Participation r, = 0.11 r, = 0.14

Factors -0.05 -0.07

Damping

r} r}Ratios 1;, = 5.6 1;; = 2.3

(%) 2.8 1.8

Stiffness [ 36.4 -36.3 -10) [ 23.3 -24.8 0.7 )
Matrix K'J = -36.3 67.6 -31.2 I\;} = -24.8 45.6 -22.4

(kip/in) -1.0 - 31.2 59.9 0.7 -22.4 50.9

Story [36.3) (24.8)
Stiffnesses k j = 31.2 k j = 22.4

(kip/in) 28.7 28.5
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TABLE 2-7 Low Amplitude Initial Sliffnesses from the Shear versus Inter-Story Drift

Histories

Story WHN_B WHN_E WHN_F

(kip/in) (kip/in) (kip/in)

Third 40.0 24.0 14.3

Second 42.4 26.3 14.3

First 51.2 34.0 27.8

TABLE 2-8 Analytical and Experimental Comparison of the Dynamic Properties

Experimental (WHN_F) Analytic.aI 1STAAD (0.255 (EI}J)]

Natural 1.20' 1.20
Frequencies f = 3.76 r = 3.50I ,

(Hz.) 5.27 5.33

Modal 1.00 -0.86 -0.46 1.00 -0.81 -0.43
Shapes Cl>1J= 0.75 0.64 1.00 Cl>ij = 0.78 0.53 1.00

0.33 1.00 -0.94 0.40 1.00 -0.88

Stiffness
[ 233 -24.8

07 ) [ 211
-23.0

19 )
Matrix K,) = -24.8 45.6 -22.4 K,) = -23.0 46.4 -25.3

(kip/in) 0.7 -22.4 50.9 1.9 -25.3 48.9
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2.6 Summary Discussions

The local and global response of the model from the moderate and severe shaking table motions

(Taft N21 E, PGA 0.20 g and 0.30 g, respectively) are presented in this section. The following

summarize the maximum response of the model from the earthquake tests, the dynamic char

acteristic history throughout the testing, and the resulting conclusions.

2.6.1 Maximum Story Response from Shaking Table Tests

The maximum global story response of the one-third scale LRC framed model for the minor.

moderate. and severe shaking table motions are presented in a Table 2-9 for comparison.

TABLE 2-9 Maximum Response from Shaking Table Testing

Test Story Max. Story Max.lnler- Max. Story Peak Story
Displacement Story Drift Shear Acceleration

(in.) (%) (kips) (g)

Minor Suiting Third 0.30 0.23 3.4 0.12

Taft N21E Second 0.22 0.24 4.2 0.09

PGAO.05 g First 0.14 0.28 5.3 (6.5%) 0.09

Moderate Shaking Third 1.32 0.54 5.6 0.20

Taft N21E Second 1.14 1.07 9.3 0.20

PGA 0.20 g First 0.64 1.33 12.3 (15.2%) 0.25

Severe Shaking Third 2.35 0.89 7.1 0.25

Taft N21E Second 2.05 2.24 11.6 0.22

PGAO.30g First 0.97 2.03 12.4 (15.3%) 0.29

It can be observed that: (i) the large story drifts occur on the first and second stories (2.03%

and 2.24% of the story height. respectively for the severe shaking). The increase in drift is

almost proportional to the level of excitation. except for the second floor during the severe

shaking~ (ii) the top story displacement for the severe shaking is 2.35 in., which corresponds to

7.05 in. in the prototype building; (iii) the base shear is 6.5% of the total weight for the minor

("elastic") shaking (PGA 0.05 g) and increases to 15.2% for the moderate shaking (PGA 0.20

g). However, for the severe shaking (PGA 0.30 g). the base shear remains almost the same
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(15.3%). Therefore, a relative reduction in base shear demand occurs in the moderate and severe

shaking as a result of inelastic behavior (quantified in Section 3); (iv) the peak story accelerations

show amplifications for the minor shaking, no amplification for the moderate shaking, and some

reductions for the severe shaking.

2.6.2 Summary of Dynamic Chal'llctemtks of Model

The natural frequencies, modal shapes, stiffness matrix, and damping characteristics of the

model throughout the shaking testing program are summarized in Table 2-10.

Table 2-10 Dynamic Characteristic History of the Model

Test Frequency Modal Shapes Stiffness Matrix Story Equivalent
StiffnessEs Viscous

Damping

" 41. ~ It, E.,
(Hz.) (kip/in) \k.iplin) (%)

['78] [I~ -0.82 -046] [ >I, -53.4 2' ] ["4] [20]WHN_B 5.32 0.80 0.46 1.00 -53.4 102.4 -54.4 54.4 2.4
7.89 0.42 1.00 -0.83 2.5 -54.4 104.7 50.3 2.0

Taft N21E PGAO.OSg

['71] ['00 -0.84 -0.42] [.., -46.8 -02] [46'] [4']WHN_C 5.08 0.79 0.52 1.00 -46.8 94.9 -47.3 47.3 4.2
7.42 0.40 1.00 -0.82 -0.2 -47.3 92.2 44.9 3.0

['71] ['00 -0.88 -OAO] [... -45.8 -27] [".'] [
40
1WHN_D 5.22 0.79 0.58 1.00 -45.8 92.8 -44.9 44.9 2.9

7.32 0.41 1.00 -0.86 -2.7 -44.9 94.1 49.2 1.3)

TaftN21E PGAO.20g

['42] ['00 -0.95 -0."] (~.. -36.3 -1.0 ] [~'] ("..]WHN_E 4.37 083 0.55 1.00 -36.3 67.6 -31.2 31.2 5.6
6.18 0.43 1.00 -0.78 -1.0 -31.2 59.9 28.7 2.8

Taft N21E PGAO.30g

['20] ['00 -0.86 -046] [", -24.8 0.7 ] [N'] [7.0]
WHN_F 3.76 0.75 0.64 1.00 -24.8 45.6 -22.4 22.4 2.3

5.27 0.33 1.00 -0.94 0.7 -22.4 50.9 28.5 1.8
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It can he observed that: (i) large natural frequency and story stiffness reductions result after

the moderate and severe shaking. The proportion of story stiffness reductions are similar for

the minor and moderate shaking. However for the severe shaking. a large stiffness reduction

occurs on the second floor. The total reduction of story stiftnesses from the "undamaged" state

(WHN_B) are 43.3%, 58.8%, and 53.6%. respectively; (ii) the change in first mode natural

frequency is proportional to the root ofthe ratio of first story stiffnesses. However forthe severe

shaking. this relationship is no longer valid since a large stiffness reduction occurs in the second

floor; (iii) the mode shapes remain the same after the minor shaking, vary slightly in the higher

modes for the moderate shaking, and vary in all modes for the severe shaking. especially the

first mode; (iv) the equivalent viscous damping approximately doubles after the minor shaking

and more than triples for the moderate and severe shaking. This increa...ed equivalent damping

is due to contributions from hysteretic damping.

2.6.3 Concluding Remarks on Testing of LRC Model

In the following. the results specified in the previous sections are summarized and discussed.

(a) Inter-Story Drifts

It can be observed from Table 2-9 that the maximum first and second story drifts of the LRC

model for the Taft N21 E earthquake motions are 1.33% and 1.07% of the story heights for the

moderate shaking (PGA 0.20 g) and 2.03% and 2.24% for the severe shaking (PGA 0.30 g).

respectively. The recommended provisions of National Earthquake Hazard Reduction Program,

NEHRP ( 1991 ), suggest inter-story drift limitations for this classification of buildings of 1.50%

of the story height. The Commentary for same provisions NEHRP (1991) states that the reasons

for a drift linut are to control inelastic strains in members. for stability considerations and P-delta

effect, and to restrict damage to non-structural elements. The Uniform Building Code, UDC

(1991 ). recommends elastic inter-story drifts limits of either 0.04/R", [for the ~tructure studied

here, Rw (the strength reduction factor) =5, therefore the limit is equivalent to 0.8%] or 0.5%

of the story height. UDC (1991) states that the drift limit may be exceeded if it is demonstrated

that greater drifts can be tolerated by both structural and non-structural elements that affect life

safety. It can be observed that the story drifts for the minor shaking are within the elastic limit.

UDe (1991) also suggests that the inelastic drift limit can be estimated by multiplying the

calculated elastic drift by an additional factor of 3/8 R,., related to the (inelastic) ductility. This

results in a limit of (0.94% of the story height for the model building in this study). The above
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limit is derived from service loads without load factors. Considering the load factors, this limit

might be somewhat larger approaching this recommended by NEHRP. The inter-stery drift

maxima observed in this stud) for the severe shaking exceeds the recommended limits of both

NEHRP (1991) and UBC (1991), while the moderate shaking exceeds limits of UBC (1991).

However the observed story damage is not as large as expected with so large inter-story drifts.

The damage to non-structural elements is expected to be much larger, however this evaluation

was not the subject of this study. EI-Attar et aI. (1991) also observed large inter-story drifts for

the 1/8 scale model replica. However the maximum aisplacement response were slightly varied

from the study presented herein. Therefore it is concluded that large inter-story drifts develop

in LRC frame structures from strong ground motions that might affect nonstructural components

but minimally affect the structural ones.

(b) Damage to Beam-Column Joints

It was observed that there was no resulting damage or slip of the discontinuous beam rein

forcement in the first story interior beam-column joints from the shaking table excitations.

However some deformations were observed in the first "tory exterior beam-column joints

possibly due to reinforcement slip or pull out (the resulting damage is quantified in Section 3).

Large positive moments were also recorded in the exterior beams along with visually observed

cracks, especially on the second floor. Therefore it can he concluded that complete pull-out

cannot occur since less critically loaded members in the frame restrain its lateral motion and

limit deformations. However, reinforcement slip does occur while the discontinuous bar still

carries appreciable force.

There were also no signs of cover concrete spailing in the exterior beam-eolunm joints.

(c) Sillb Coltlributions to tJu MOIfNN Ctlptu:it] oftlae Bf!iIIIU

It was observed that the interior beams suffered only minor damage with very little cracking or

yielding. This can be attributed to slab steel contributions from the full slab width, which has

a dramatic effect on the flexural strength ofthe beams. Fora typical first story beam-slab-column

component, the moment capacity of the beams exceeds the capacity of the columns by about

50%, which under large lateral loads can lead to undesirable failure mechanisms. Thus a weak

column - strong beam structural behavior exists. According to the seismic provision of ACI

318-89 for special frames, the flexural strengths of the columns must lle greater than 1.2 times
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the sum of the overstrength beam capacities. Therefore LRC structures would not satisfy the

design strength provisions for special frames. Since the damage to the beams was determined

to be relatively minor, i! can be concluded that the story slabs contribute substantially to the

strength of beams that remain primarily elastic.

(d) Apparent ColJilpse Meclumism

The base motions of the model introduced hinging in the columns at the rust and second stories

and only some hinging in the positive pull-out direction of the exterior beams. Thus an unde

sirable colurnn-sidesway collapse mechanism for the model was apparently in development.

Also, from tile observations of the story response and story stiffness comparisons, the second

story of the model was in a more severe danlage state after the severe shaking and the possibility

ofsoft-story collapse mechanism actually develops. El-Attar et al. (1991) tested one-eight scale

replica model to collapse using the Taft S69E component base motion with a large peak ground

acceleration (0.8 g). The resulting mechanism that occurred was due to failun. of the fll'St story

interior columns from the P-delta effect, which resulted in a sudden collapse of the structure.

The corresponding mode of failure was a column-sidesway or soft-story collapse mechanism

of the rust floor. This global failure mechanism is also a well documented failure in lightly

RIC structures experiencing large lateral forces [Moehle and Mahin (1991)]. Good correlation

of the developing failure mechanism and the actual collapse mechanism, El-Atlaret aI. (1991),

can be noted. Therefore, it can be concluded that the weak column - strong beam behavior can

result in the undesirable column-sidesway or soft-story collapse mechanism in LRC frame

structures under strong ground motions.

(e) "S«ou Motk" Effect

Higher mode effects are negligible during the minor and moderate base motions. However the

"second mode" effect was evident in the story displacements and shear forces of the model

during Ute severe shaking, TFr_30. This effect may have developed due to the softening of

the model from the moderate shaking and may explain the more severe etamaae to the second

storyoftbe modelin tbesevere test. EI-Attaret aI. (l99I) obserYed only first mode contributions

in the response of the 1/8 scale model. The different response observations lUIlODI tests may

have resulted from slightly different concrete and rebar strengths and also a different component

of tbe ground motion (EI-Attar et 81. (1991) used the S69E component of the Taft earthquake).
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(j) Deterioration ofStory Stiffnesses and Natural Frequencus

Due to the resulting damage in the columns of the first and second stories, large deterioration

of "ry stiffnesses and natural frequencies occur (see Table 2-10). The elastic response spectrum

for 2% damping is shown in Fig. 2-36 along with the range of first mode period changes in the

model during the shaking table tests (from 0.562 sec. in the "undamaged" state to 0.833 sec. in

the final state). It can he observed that the structural softening results in a decreased acceleration

amplifi-.:ation. However. the reduced story stiffness contributes to the large inter-story drifts

and total displacements.

From Table 2-10, the observed first mode (elastic) period of the model is 0.562 sec. The

approx imation recommended by UBC ( 1991 ) for calculating the elastic first mode natural period

of a building is:

where T = first mode period. sec

C, = 0.030 for RIC moment resisting frames

hn = building height. ft

(2.4)

From Eq. (2.4), the calculated period for the prototype building according to UBC (1991) is

0.441 sec. Using a period scale factor of 1/...[3 (see Appendix A. in Part I of the Evaluation

series (Bracci et ai, I992a), the calculated period for the model is 0.255 sec. It can he observed

that a large discrepancy exists in predicting the elastic first mode period. Since LRC structures

are designed without considering lateral loads, the flexibility of these structures is not accounted

in the above formulation. A different value for the factor, Ct , may be necessary to describe

these buildings. More parametric and field studies should be made to detennine an appropriate

quantity.

(g) Story Shear Force DeJrUlIUIs

It can be observed from Table 2-9 that the base shear demands are similar during the moderate

and severe base motions (with base shear coefficients of 15.2% and 15.3%, respectively). This

slight increase in demand implies that the base shear capacity is attained during these motions.

However, this does not imply total collapse of the model, since additional strain hardening of

the reinforcement takes pIal. ... and the total failure mechanism does not develop. Also note that
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a large shear forces develop in the second floor during the severe earthquake. EI-Attar et a1.

(1991) reported base shear demands of 9.4% and 9.7% of the total structural weight for severe

motions with PGA's of 0.35 g and 0.80 g, respectively (or 12.11% and 12.50% for comparison

with this study due to different prototype weight considerations). This variation can be attributed

to: (i) the different inertial story mass and natural frequencies; (ii) the different Taft component

of base motion: and (iii) the varying material properties among the different model tests. An

analytical evaluation is used in Section 3 to characterize the base shear reduction factor for

inelastic behavior (similar to It.. in UBC) during the moderate and severe shaking.
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FIG. 2-36 Response Spectra Acceleration Amplification for Taft N21E
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SECTION 3

ANALYTICAL DAMAGE EVALUATION OF MODEL

3.1 Introduction

The experimental response of the three story model from the minor (0.05 g), moderate (0.20 g),

and severe (0.30 g) shaking table motions were summarized in the previous section. In this

section, three inelastic analysis models are presented and used to predict the story response from

induced base motions. The damage to thf' individual members, story levels, and overall structure

from the induced earthquakes is evaluated analytically in terms of damage indicators defined

as damage indices. The damage indices are used to evaluate the extent of damage on a scale

representing minor, moderate, or severe damage and the damage potential or reserve capacity

of the structure.

An incremental intensity analysis was performed using the identified structural parameters and

the scaled Taft N21 E acceleration motion. The input peak ground acceleration was analytically

varied to identify the critical peak acceleration motion and collapse patterns of the model. A

modified damage index is further proposed to incorporate the P-delta effect in column members

and is also used for detennining the critical peak ground acceleration (PGA) that produces actual

collapse.

Also, an elastic analysis was presented to identify the corresponding responses reduction factors

due to inelastic behavior and are compared with the recommended values of strength reduction

factors from UBC (1991).

3.2 Analytical Modellna and~ Results

Analytical modeling ofthe StnlCtural model was perfonned using the nonlinear analysis platform

IOARC: Inelastic Dynamic Analysis of Reinforced Concrete Frame-Wall Stn1CtUreS, Kunnath

et al. (1990), with the structural parameters identified from: (i) engineering approJtimations~

(ii) component tests~ and (iii) an experimenlal response fit. IOARC uses a trilinear moment

curvature skeleton (backbone) curve. Since concrete has some tensile capacity, the concrete

has an influence on member behavior until cracks develop. Also, members under large bending

moments can develop cracks without yielding of the reinforcement. These effccts, which were

observed in tests, can be captured with the trilinear skeleton curve. IDARC also employs a
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hysteretic rule using three parameters for simulating stiffness degradation, strength deteriora

tion, and pinching behaviors. The pinching behavior is composed of a target slip factor, which

determines the target point after the zero crossing as a factor of the yield point, and a slip

reduction factor, which determines the slip length as a factor of the distance to the target point.

Fig. 3-1 illustrates the effect of the parameters. The Newmark-Beta algorithm is utilized for

determining a step-by-step solution of the dynamic equation of motion. More details and

additional features of IDARC are described by Kunnath et al. (1990).

The structural parameters for each analytical model that necd to be identified are: (i) the initial.

post-cracking, and post-yielding stiffnesses; (ii) the cracking and yielding moments; (iii) the

equivalent viscous damping characteristics; and (iv) the hysteretic properties. The equivalent

viscous damping characteristics in RIC systems during elastic deformations results due to

micro-cracking. friction, etc. in members. Hysteretic energy dissipation due to inelastic

deformations is represented by the hysteretic model and not by equivalent viscous damping. A

summary of the model parameters determined from component testing (see Part II. Aycardi et

al. 1990) and from engineering models are presented in Table 3-1.

3.2.1 Modeling with Engineerinl Approximations

In lieu of more precise way to determine of the structural parameters. an engineer must make

approximations of the member properties for proper analytical representation to predict the

seismic response of structures. Firstly, the initial column and beam stiffnesses (E.I.:01 and Elbm)

of the model are assumed to be:

(3.la)

(3.lh)

where (Elcol)~ = stiffness based on the gross column section dimensions

(Elbm) = stiffness based on the gross beam section dimensions with full slab
1/

contributions

Since micro-cracking is present in RIC members. a reduction factor was applied to the gross

member properties. It can be observed that a smaller reduction was used for the columns to

account for the compressive pressure of the axial loads in closing some of the micro-cracks.

The initial member stiffnesses that can predict the first natural frequency of the model was

56.5% ofthe gross section stiffness (see Part I. Bracci etal., 1992a). Note that the "fully cracked"
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stiffness properties are 23% and 13% of the gross section properties for the column and beams,

respectively. Paulay and Priestley (1992) suggest the effective range for moment of inertia of

rectangular beams. T-heams. L-beams. and columns of varying axial loads a'i follows: or

columns with axial loads of about 0.2 (. A~. the suggested range for effective moments of inertia

is between 0.5 I~ and 0.7 I~. For columns with axial load greater than 0.5 (AI' the suggested

range is between 0.7 I~ and 0.9 I~. For T-heam members, the suggested range is between 0.25

l~ and 0.45 I~. However. the effective flange (slab) width is based on 1/2 the flange width from

strength provisions of ACI-318 and not on the full slab width as calculated above. Therefore.

the assumed stiffnesses for the analysis are within the suggested range according to Paulay and

r-iestlcy ( 1992). for the columns and are about two times stiffer for the beams.

Shahrooz and Moehle (1987) developed an analytical model based on one-half (0.5) the

uncracked member stiffness (gross section properties) to predict the response of an RIC set-back

model building excited on the shaking table. They reported that acceptable estimates of max

imum response and natural periods were achieved.

For development of the hysteretic rule, a post-eracking stiffness of EI/2 is assumed. The yield

strengths of the beams and columns are computed from basic principles. Note that the beam

moments consider slab steel contributions from the full slab width. Also note that the beam

yielding moment in the positive direction considers the effect of pull-out of the discontinuous

bottom beam reinforcement (50% reduction in rebar area based on the prototype ratio of provided

and required embedment lengths).

The hysteretic properties of the analytical model (see Fig. 3-1) for the beams and columns cannot

be determined from engineering principles since they are dependent on the hysteretic model.

Therefore these parameters were determined form component tests reported in Part II of these

Evaluationseries(Aycardieal,I992). Their values are described in the following: (i) (l = 0.50

for the stiffness degradation factor; (ii) B = 0.04 for the strength degradation factor;

(iii) y = 0.70 for the target slip factor; (iv) 1.00 for the slip reduction factor; (v) 1.5% for the

post-yielding stiffness ratio; and (vi) 2% for the equivalent viscous damping ratio. It should be

noted that these properties are selected based on results and observations from previously

conducted component tests, since no other sources are available. The equivalent viscous

damping ratio was found experimentally during a white noise shaking table excitation to be

about 2%.

3-3



The platform program IDARC is used to carry out the analysis based on the analytical model

proposed from engineering approximations. From static computations, the first natural fre

quency is determined to be 1.72 Hz. Note from the experimental white noise excitation before

earthquake shaking that the first natural frequency was determined to be 1.76 Hz. (see Table

2-10). From a shakedown analysis based on a 2% story drift limit, a base shear capacity of

12.2 kips (15.0% of the total structural weight W) is computed. Note that a shakedown (collapse

mode) analysis is an inverted triangular static loading on the structure that continuously increases

until the drift limit is achieved. From Table 2-9, the observed base shear maxima during minor,

moderate, and severe shaking were 5.3 kips (6.5% W), 12.3 kips (15.2% W), and 12.4 kips

(15.3% W), respectively. Therefore. according to this model, the base shear capacity from a

shakedown analysis has been reached and exceeded during the moderate and severe shaking.

However, collapse did not occur due to strain hardening of the rebars and increased material

strengths from strain rate effects. Also note from Section 2 that the full collapse mechanism

had not developed during the shaking.

Figs. 3-23 and 3-2b show the analytical versus experimental response comparisons for the minor

shaking (Taft N2IE, PGA 0.05 g). It can be observed that some deviations in the response

Lnagnitudes develop in the history, but the period of vibration remains primarily in-phase. 1be

story displacements and shear forces are slightly overpredicted in the initial part of the history.

Since the minor shaking was shown to be governed by elastic deformations (Part I, Bracci et

al., 1992a), the same analytical modd for member properties is carried out with IDARC for the

moderate and severe shaking. However, the subsequent white noise excitation after the minor

shaking showed a slight decay in the first natural frequency (1.66 Hz. from Table 2-10). 1be

moderate and severe motions are applied in a sequential history (back-to-back) to capture the

degradation due to continued inelastic cycling. The corresponding response comparisons are

shown in Figs. 3-3 and 3-4, respectively. Initially for the moderate shaking, the story dis

placement and shear force predictions are closely related to the experiment. However, the

response magnitudes are slightly underpredicted in the latter part of the history. For the severe

shaking, the analytical response is closely related to the experiment in the beginning of the

history, where the peak magnitudes are captured. However, deviations in magnitude occur in

the latter part of the history, but the period of vibration remains in-phase.
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It can be concluded that the analytical response with the proposed approximations is not totally

in correlation with the experiment. However. the peak story displacements and shear forces

are captured and the response trends are similar for the earthquake motions. Therefore. adequate

correlation of the analytical response is achieved based on structural parameter approximations.

3.2.2 Modeling with Component Tests

Aycardi et aI. (1992) (see Part II of this Evaluation series) tested quasi-statically column and

subassemblage components of the three story model. Components were constructed with the

same materials during each phase in the construction of the model. The initial member stiffness

were identified as follows:

where

El,ot col =0.49(£/co'),
Elc.. col =0.33(E/col ).

Elhm =0.32(Elbm)•
El,ot col' Elm col = interior and exterior column stiffnesses. respectively

(3.2a )

(3.2b )

(3.2£')

It can be observed that a reduction in stiffness from the gross member dimensions develops

from micro-cracking. Note that the extent of the reduction was less severe in the axially loaded

interior columns. A post-eracking stiffness of about EI/2 was also identified initially. The

member yield strengths were identified from the inelastic reversed cycling tests and were similar

to calculations from basic principles. The hysteretic memb-lr properties used for this analytical

model are the same as in the engineering approximations. which are based on the component

tests.

The first natural frequency is calculated to be 1.50 Hz.• which is slightly soft (flexible) as

compared to the experimental identifications (1.76 Hz. and 1.66 Hz. before and after the minor

shaking. respectively). From a shakedown analysis based on a 2% story drift limit. the base

shear capacity is obtained to be 12.2 kips (15.0% W). which is the same as in engineering

approximations.

Figs. 3-5,3-6. and 3-7 show the response comparisons from the minor. moderate. and severe

shaking, respectively. Note that the same analytical model of structural parameters is used for

the sequential run of the moderate and severe shaking. It can be observed from the minor shaking

that the predicted period of vibration is slightly different than the experiment. This discrepancy
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occurs as a result of the soft first natural frequency in the proposed analytical model. However

the peak story displacements and shear forces are similar. For the moderate and severe shaking.

the response period of vibration is slightly out-of-phase with the experiment. It can be observed

during the moderate shaking that the initial story displacements and shear forces are accurately

predicted. However. the response magnitudes in the latter part of the history are underpredicted.

For the severe shaking. the predicted maximum story displacements and shear forces are in

agreement with the experimental response. Also. the response trends are similar throughout

the history. with only slight deviations in magnitude in the latter part of the history.

Therefore. satisfactory predictions of the story displacements and shear forces are achieved by

using the structural parameters from component tests for the moderate and severe shaking. The

analytic~1 model produced only slight discrepancies for predicting the period of vibration during

the minor (primarily elastic response) and moderate shaking due to the inaccurate first natural

frequency prediction. However. the maximum story displacements and shear forces were

correlated.

3.2.3 Modeling with Properties Identified using Response Fit

3.2.3.1 Minor Shaking

A series of analytical models with different structural parameters for each group of members

were developed to properly correlate the response calculations with the experimental response.

For a good response fit during the minor shaking (0.05 g). the initial column stiffnesses were

0.588 (Eleol ) •• 0.598 (Eleol ) •• and 0.591 (Eleol ) •• respectively for the first. second. and third story

columns. The initial stiffness of the beams were 0.252 (Elbm ).. This corresponds to slightly

stiffer columns and softer beams in comparison with the previously assumed analytical models.

However. note that roundoff of the initial stiffnesses will not significantly affect the calculated

response. The post-cracking stiffness in the columns and beams was about EI/2 (similar to the

previous models). The moment strengths are also similar to the previous models. However

some slight deviations exist in the hysteretic properties: (i) the stiffness degradation factor was

0.5 for the first and second story columns and 0.9 for the third story columns and beams (0.5

in previous models); (ii) the strength degradation factor was 0.05 for all members (0.04 in

previous models); (iii) the target slip factor was 0.5. 0.6 and 0.8 for the first. second. and third

story columns. respectively. and 0.7 for the beams (0.7 in previous models); (iv) the slip reduction
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factor was 1.0 for all members (same as in previous models); (v) the poSI. ;p~ding stiffness ratio

was 2% for the first and second story columns and 1% for the third story l'(,i!lmns and beams

(1.5% in previous models); and (vi) the damping ratio was 2% (same as in pr~\ ious models).

The first natural frequency was determined to be 1.63 Hz.• which is comparable with the

experimental values (1.76 Hz. and 1.66 Hz. before and after the minor shaking. respectively).

The sequence of hinge formation in the model from a shakedown analysis. is shown in Fig. 3-8.

It can be ob~'erved that yielding first occurs in the lower first story beams in the pull-out direction.

Yielding then propagates to the columns of the first and second floor. At a drift limit of 2% of

the building height. the base shear capacity of the model was 12.2 kips (15.0% of the total

structural weight W). From Table 2-9. the maximum measured base shear during the rt'oderate

4I1d severe earthquakes were 12.3 kips (15.2% W) and 12.4 kips (15.3% W). Th.:refore.

according to this model. the base shear capacity has been achieved in the moderate and severe

shaking. However. collapse does not occur due to additional reserve strength fmm strain

hardening of the reinforcement and dynamic strain rate effects. Also note from Section 2 that

the full collapse mechanism had not developed during the shaking.

Figs. 3-9a and 3-9b show the analytical versus experimental response comparisons for the minor

shaking. It can be observed that the predicted story displacements are very similar with the

experiment throughout the shaking history with only slight over-predictions of the shear forces.

3.2.3.2 Moderate and Severe Shaking

It was shown in Section 2 that some slight stiffness deterioration occurs and slight cracking

develops in some columns from the minor shaking. Therefore. the column stiffnesses are varied

to account for this decay for the moderate (0.20 g) and severe (0.30 g) shaking. The initial

column stiffnesses used in the analysis were 0.391 EI,. 0.326 Ell' and 0.443 EI,. respectively

for the first. second. and third stories. Note that the column stiffnesses are more varied between

floors with the second floor being the most flexible. There are various explanations for this

occurrence: (1) varying concrete strengths between floors. which was observed in representative

cylinder tests (see Part I. Bracci et al .• 1992a); and (2) slight irregularities ofcolumn placement.

Note that since only elastic defonnations develop in the beams during the minor shaking. the

stiffnesses in the beams for the moderate and severe shaking are identical to the values for the

minor shaking (0.252 EI,).
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The previous analytical models. ba-;ed on engineering approximations and component tests.

provide adequate. but not total. agreement with experimental response in the latter part of the

shaking (underpredicted). To account for this. the post-eracking stiffness used in this analysis

was modified to EI/I.25 (in comparison to EI/2 previously) to model stiffer behavior after

cracking. Note that this model is very similar to a bilinear model. A trilinear backbone curve

was used to represent reinforced concrete behavior in which a larger initial stiffness results from

the contributions of the concrete in tension. However. in a cracked state. the influence of the

concrete in tension is negligible and the tensile behavior is primarily governed by the rebar

strengths. The hysteretic properties used were identical to the minor shaking.

Figs. 3-10 and 3-11 show the response comparisons for the moderate and severe earthquakes.

Excellent correlation of the story displacements and shear forces can be observed in the moderate

shaking with only slight disparities in the severe shaking. The peak response magnitudes and

response trends are similar.

It was also important to compare the analytically predicted damage states of the model from

the earthquakes with the experimentally measured. Analytically. the damage states are defined

in accordance with the cracking and yielding moments from the analytical model. The

descriptions of damage states includes two parts: (i) visual; and (ii) calculated. Some of the

visual descriptions are classified from flexural and shear cracking, concrete spatling. concrete

crushing, exposed reinforcement. buckled reinforcement. and fractured hoops. However.

cracking and yielding is also observed experimentally through measured internal stresses of the

model.

Figs. 3-l2a. 3-12b, and 3-12c show the resulting damage states of the model predicted from the

response fit analytical models in comparison with the experimentally measured damage states

after each earthquake test. It can be observed that cracking results in some of the columns from

the minor shaking (Taft 0.05 g) both analytically andexperimcntally. However, for the moderate

and severe shaking (Taft 0.20 g and 0.30 g), yielding occurs in the columns of the first and

second story and a plastic hinge develops in the first story exterior beam in the pull-out direction

both analytically and experimentally. Also analytically, additional incipient beam yielding

occurs for the severe shaking. It was observed that the apparent incipient collapse mechanism

for the model under ultimate load is a column-sidesway or soft-story failure mechanism.
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3.3 Damage Quantification

The response results and observed damage states of the model after the shaking table tests were

presented in previous sections. However, the extent of damage and reserve member strengths

were not identified. To quantify the observed damage and the reserve margins before collapse

of each member of the model. it was necessary to use some specific model of damage. The

quantification obtained using such model would thereby permit an assessment of structural

integrity in terms of damage states, such as serviceability. repairability. irrepairability. or

collapse.

The amount of damage to the individual members, story levels, and overall structure from

seismic excitations can be described analytically in terms of damage indicators defined as

damage indices. These damage indices are used to evaluate the extent of damage on a scale

representing minor, moderate, or severe damage. The damage potential or reserve strength of

members can also be detennined. Normally, the damage indu of a member is defined to vary

between 0.0 and ] .0, with the later implying failure. Many damage index models and modified

models have been developed to incorporate effects of ductility demand and low cycle fatigue

or strength deterioration: Parket al. (1985); Chung et al. (1987); Powellet al. (1988); and Bracci

et aI. (]989). It has been shown that the combination of deformation and strength deterioration

damages provide an accurate assessment of the member damage and reserve capacity.

According to the original Park model (1985), a member damage index, 01, is defined as follows:

where

a. pfdE
01=-+--a. t>"P,

a. =maximum observed deformation

a" = ultimate deformation

P= strength deterioration factor

JdE = absorbed hysteretic energy

p. = yield force
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Since lDARC computes the moments and curvatures at a section, a modified Park's Model was

developed to use moment - curvature relations (instead of force - displacement relations) so that

a damage index can be easily computed at each time step of the analysis as follows:

(3.4)

where cl>m = maximum observed curvature

cI>. = ultimate curvature

~ = strength deterioration factor

JdE = absorbed hysteretic energy

My = yield moment

A procedure for determining the ultimate curvature in both columns and beams was proposed

by Bracci et al. (1989) and was used for all analyses in this study.

With the damage index formulated to vary between 0.0 and 1.0, the damage states for members

are defined below (see Bracci et aI., 1989):

DI = 1.00

0.66 5 DI < 1.00

0.33 :S DI < 0.66

0.00 < DI < 0.33

Collapse

Severe - "Irreparable" Damage

Moderate - "Repairable" Damage

Minor - "Serviceable" Damage

(3.5)

Story level damage indices are computed from the corresponding damage indices of the story

components and separated into beam-slab (horizontal) and column-wall (vertical) damages. To

combine damage indices, the component damage indices were themselves used as weighting

factors. The overall structural damage index. D1-, is computed as a combination of the

story damage indices in which a weighting factor is applied based on the amount ofgravity load

supported by that story. Therefore, the lower stories will have a greater weighting factor than
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th~ upper stories and therefore would be more important. The overall damage index was

recalibrated with respect to observed structural damage in several RIC buildings, Park et al.

(1985), such that damage states were defined as shown below:

DI..lUCture == 1.00

0.40 :S DIlllUCturr < 1.00

DI..rucwre < 0.40

Collapse

ModeratelSevere Damage

MinorlMoJerate Damage

(3.6)

However, it should be noted that the overaH ;;~'1Jctur<&.i damage ,,,:!ex is not sufficient by itself

to describe the extent of damage to a building. An example would be if an interior column in

a building had failed (01 == 1.00). This column failure would probably initiate progressive

collapse of the building. However, the overall structural damage index would not necessarily

be 1.00 urter combining the damage indices of all the structural elements (0I11lr11l;t1ft < 1.(0).

Therefore, it is suggested that experimentally observed results in connection with Eq. (3.4) for

the individual members, story levels, and the overall damage index be used to properly evaluate

the induced damage to a structure.

Fig. 3-13 shows the quantified member damages in the model building computed from the

modified Park's model in IDARC for the minor, moderate, and severe shaking from the

experimental fit response results. It can be observed that small member damage indices (minor

- "serviceable" damage) develop from the minor shaking (0.05 g), which is expected since the

model is primarily governed by elastic deformations. However, for the moderate shaking (0.20

g), the damage indices in the first and second story interior columns reach values of 0.36 and

0.25, respectively. Therefore, according to Eq. (3.5), damage to the first story columns slightly

extends to the moderate - "repairable" damage state while the second story columns remain

within the minor - "serviceable" damage state. It can be observed from the story level damage

indices that most of the resulting damage occurs in the columns. The overall structural damage

index is 0.23, which implies a mmorlmoderate damage state according to Eq. (3.6). The only

significant damage to the beams il> the first story exterior beams with bottom reinforcement

pulling out (01 = 0.18). Refer to Fig. 3-12b and Section 2 which describe the yielding that was

observed in the bottom reinforcement for this beam section.
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For the severe shaking (0.30 g). severe damage results to the interior columns of the first and

second stories, damage indices of 0.72 and 0.67. It can be observed that there is little res

strength remaining in these members. The damage indices of the ellterior columns in these

stories reach the moderate - "repairable" damage state. This correlates with the observed

ellperimental response in Section 2 where large inter-story drifts, shear forces. and hysteretic

energy occur on the first and second stories. Also. the column moment-axial load interaction

diagrams of the first and second stories extend to the projected dynamic ultimate surface (see

Fig. 2-27). The damage indices of the first and second story exterior beams are 0.49 and 0.05,

respectively. For the fir t story beams, correlation exists since yielding is observed analytically

and experimentally (Fig. 3-12c). However recall from the visual description of damage in

Section 2 that large flexural cracks appeared in the exterior second story beams. This is not

captured in the damage index analysis. The overall structural damage index obtained in analysis

is 0.49, which implies moderate/severe damage as observed in the tests.

It is also interesting to compare the damage indices computed from the experimentally measured

response with the damage indices obtained from the analytical simulations (shown in Fig. 3-13).

For this evaluation. the damage inGex for a critical interior first story column was compu''''.d

bao;ed on the experimental force-displacement response from the minor. moderate. and severe

shaking. The ultimate story displacement was considered as 3% of the story height based on

the component tests presented in part II of Evaluation series (Aycardi et al. 1992), where a

decrease in strength had occurred. However this might be somewhat conservative estimate,

since some resistance still exists at larger .kifts. EI-Attar et al. (1991) observed severe damage

at a recorded first story drift of 2.63% for the Taft S69E motion with a PGA of 0.35 g. The

yield force was determined from a static analysis with the analytical model of the experimental

response fit (shown in Fig. 3-16). Damage indices of0.01, 0.33, and 0.64 were calculated from

the experimental response and compare with analytically determined damage indices of 0.05,

0.36, and 0.72, respectively for the minor, moderate, and severe shaking.

In conclusion to this damage evaluation building. it can be noted that: (i) severe damage was

induced to the interior columns and moderate damage to the exterior columns both in the first

and second floors; (ii) little reserve capacity remained in the first and second story columns to

resist any future lateral loads; (iii) only slight damage developed in the first story beams with

exception to the exterior beams in positive bending and (iv) the building was classified as

moderately/severely damaged and in need of repairs to restore a selviceable condition.
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A retrofit scheme for this structure to resist any future lateral loads was studied in another

research phase of this program presented in the Retrofit Report Series which consists of two

parts [Part I, Choudhuri, et al, (1992) and Part II, Bracci et al, (l992b)].

3.4 Identification of Final Collapse Mechanism and Critical Earthquake

IDARC was used to estimate the critical peak ground acceleration to scale the Taft N21 E ground

motion to induce collapse on the original undamaged model. Such analysis was done before

and after the shaking table tests. Before the tests, analyses were done to estimate the maximum

PGA for which the model will be near collapse, but will not collapse. After the tests, analyses

were done using improved estimates ofstructural parameters and the results are presented herein.

The criteria used to determine the critical peak ground motion are related to the following

variables: (i) the maximum inter-story drifts; (ii) the base shear demand and capacity; and (iii)

the damage index ofthe critical first story columns and ofthe overall structure. For this analytical

evaluation. repetitive analyses were done using Taft N21 E with the PGA varied from 0.20 g to

0.40g.

Table 3-2 shows the comparisons of the maximum story response and damage indices for the

various motions. It can be observed that the inter-story drifts for the first floor are within

reasonable limits up to the 0.35 g motion (2.73% of the story height). Thereafter, the inter-story

drift for the first floor exceeds 3%, which would exceed the ductility capacity in lightly RIC

members. In Part II of the Evaluation series (Aycardietal, 1992) it was shown thatthe maximum

lateral capacity ofthe components was reached at drift levels between 2% and 3% and thereafter,

with increasing drifts. began to degrade. This did not necessarily imply collapse, however, the

critical displacement of the story model were near. The inter-story drift maxima for the second

floor reniains within tolerable limits and the third story displacements range from 1.11 in. to

2.60 in. for the various m"ltions. The base shear force demands approach capacity very rapidly.

For the 0.20 g motion, the b..--e shear demand is about 91 % of capacity. For the 0.40 g motion,

the base shear demand reaches caf'acity. Therefore collapse is inevitable from this base motion.

But also collapse is very probable for the 0.35 g PGA since the base shear demand is 98.3% of

capacity.

Probably the most compelling variables fo~ determination of the critical PGA for collapse of

the model are the member damage indices. Fig. 3-14 shows the resulting damage indices of

the model for each PGA. It can be observed that most of the damage occurred to the columns
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of the first and second floors. Thus the resulting failure mechanism is that of a column-sidesway

or soft-story coIlapse mechanism. Since the columns are vital in carrying gravity loads in these

failure mechanism... the damage index for a critical first story interior columns (shown to be

more critical than the second story columns) was monitored Cll:d is shown in Table 3-2. It can

be observed that the damage index for this column remains within the moderate - "repairable"

damage state (0.33 $ DI < 0.66) for the 0.20 g and 0.25 g motions. However, the damage index

reaches the severe - "irreparable" damage state (0.66 $ DJ < 1.00) for the 0.30 g motion. Finally

at 0.35 g and 0.40 g. the damage index is 0.98 and 1.00, respectively. Therefore. a collapse of

the first story interior column is likely from the Taft N21E with a PGA of 0.35 g and definite

with 0.40 g. Also the overall structural damage index for the 0.35 g motion is 0.56, which

indicates moderate/severe damage according to Eq. (3.6). Note that the damage index used for

this analysis does not consider any damage due to P-delta effect. However a modified damage

mudd is presented in Section 3.5 to capture this effect.

Therefore. from the response results for the various critical members and the overall structural

damage indices from IDARC, it was determined that the Taft N21 E component with a PGA of

0.35 g would have probably induced collapse of the critical fin.t story interior column. thereby

initiating progressive coIlapse of the model structure. EI-Attar et aI. (1991) observed this

resulting failure mechanism for the 1/8 scale three story replica which coIlapsed progressively

according to the soft-story mechanism initiated by the failure of the interior columns.

3.5 Modified Damage Index for P-Delta Effect

Bracci et aI. (1989) proposed a damage index based on damage demand and potential. which

is essentially similar to the Park. Ang. and Wen model but inclUdes the correlation effect of

displacement ductility and strength deterioration. The damage index. OJ. is a combination of

the deformation (ductility) and strength deterioration (strength loss) damages as follows:

(3.7)
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Table 3-2 Maximum Response and Damage Index Comparison

PGA Inter-Story Drifts Displacement Ba.'Ie Damage Index

First Second Third Shear First Story Structure

(%) (%) (in) (%W) Interior Col.

0.20g Demand 1.15 0.82 1.11 13.6 0.35 0.21

Capacity (15.0)

0.25 g Demand 1.58 0.87 1.43 14.1 0.51 0.29

Capacity (15.0)

0.3Og Demand 2.17 1.07 1.78 14.4 0.75 0.42

Capacity (15.0)

0.35 g Demand 2.73 1.39 2.19 14.8 0.98 0.56

Capacity (15.0)

O.40g Demand 3.18 1.68 2.60 15.0 1.00 0.61

Capadty (15.0)
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where D , = deformation damage

D~ = strength deterioration damage

8. = maximum observed defomation

8. = ultimate defomation

8t = yield deformation

P t = yield force

S.. = strength deterioration factor

JdE =absorbed hysteretic energy

In addition to the loss in strength due to strength deterioration from inelastic cycling, a strength

demand occurs as a result of the P-delta effect in columns at large story displacements from the

vertical axial loads. Fig. 3-15 shows a conceptual model of damage. which incorporates the

P-delta effect. A Nlinear-trapezoidal damage capacity loading diagram is hypothesized with

the demand damages identified. The deformation damage (D.) represents the associated damage

due to demand ductility. The strength deterioration damase (D2) represents the associated

damage due to the loss in strength from repeated inelastic cycling. A third damage demand

(D,_J develops in the columns due the additional moments from the P-delta effect. This

additional moment provides pn additional strength damage demand for a bilinear representation

as follows:

(3.8)

when' D'-4 = strength damage from the P-delta effect

N = applied lXlalloads

8. = current story di,placement

P, = yield force

h = story height

Therefore, incorporating Eq. (3.8) into the 'trength damage index (~). a modified strength

deterioration index, 0;. to include the associated damage from P-deltaeffect is proposed below:
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(3.9)

This strength damage index, incorporated in Eq. (3.7) by replacing D2• enables evaluation with

a more appropriate strength damage index.

Force

~ Deformationu.

FIG. 3-15 Conceptual Model of Damage with P-delta Effect
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The modified damage index with the P-delta effect was used to evaluate the damage to the

critical first story interior columns in predicting the critical PGA for the model. Firstly. the

column yield displacement. yield force. and ultimate displacement were found in IDARC by

statically loading each story of the model with forces proportional to the inverted triangular

loadmg. Fig. 3-16 shows the first story interior column shear force versus inter-story drift under

increasing static loads. It was observed that cracking occurred at a displacement of 0.14 in.

(0.30% of the story height) and yielding occurred at 0.55 in. (1.15% of the story height). The

yielding shear force for the column was about 1.51 kips. The post-yielding shear force con

tinually increases with displacement from the input strain hardening without a loss in strength.

However. the ultimate monotonic displacement was assumed to be 3% of the story height (refer

discussions in previous section).

a -O.~ in a •1.50 in;J: .:
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·
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AG. 3-16 First Story Interior Column Monotonic Strength-Deformation
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Figs, 3-17 through 3-21 show the column damage index as a function of time, displacement

ductility (0" / 0,), and deformation damage ([0.. - 0.] /[0. - 0.]). It was observed that the resulting

damage index is relatively small for the 0.20 g motion. Since the observed story displacements

do not exceed the correspondmg yield displacement, the amount of defonnation damage

according to the proposed model is nil (see Fig. 3-17c). However, inelastic behavior (permanent

defonnations) occurs in RIC memhers after crackin~ takes place. Therefore, some discrepancies

in the proposed damage index may develop for extremely minor member damage by assuming

the bilinear-trapezoidal capacity loading. The damage for the 0.20 g motion was only a function

of the strength deterioration and P-delta effect. The additional damage (strength deterioration

demand) caused by the P-delta effect can be noticed in Fig. 3-17b when the observed dis

placement approaches yield (01 from about 0.02 to 0.12). The P-delta effect creates an
amplification of the damage index with story displacement, thereby creating fluctuations in the

damage index.

From Fig. 3-18. it can be observed that the story displacement exceeds the yield displacement

for the 0.25 g motions. The corresponding deformation damage was about 0.22. The damage

index associated with and without P-delta at the maximum observed displacement was observed

as about 0.40 to 0.24, respectively (66% increase in damage). From Fig. 3-18b, note the slope

in the damage index with the P-delta effect after the peak displacement occurs, whereas without

the P-delta effect the slope is flat. This is obviously a result of the P-delta effect being pr0

portional to the story displacement. The same observations were made for the 0.30 g base

motions at peak displacement with the resulting damage index approaching 0.78 with the P-delta

effect and only 0.58 without (about a 35% increase in damage).

For the 0.35 g motion. it was observed that the damage index without the P-delta effect was

0.98 at the end of the base motions with corresponding defonnation damage of about 0.80.

However, when the P-delta effect is considered, the damage index reaches 1.00 at about 4

seconds through the run which implies failure of the column and subsequently the stnlcture.

For the 0.40 g motion, the damage index with and without the P-delta effect was 1.0 (collapse)

at about 4 sec. into the run.

Therefore, with consideration of the P-delta effect in the modified damage index, the corre

sponding PGA of the Taft N21E component to cause collapse of the model was between O.JOg

and 0.35 g. However, without consideration of the P-deita effect, the critical PGA was slightly

above 0.35 g.
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3.6 Elastic Analysis and Response Reduction Factors

Fig. 3-22 shows a general loading of a base shear versus the story drift for a typical structure

and will be referred to in the following discussions.

An elastic analysis is performed on the three story model for the shaking motions with the

analytical model developed based on the experimental response fit (see Section 3.2.3) by

maintaining ~he same global stiffness matrix (elastic stiffnesses) throughout the shaking history.

Fig. 3-23 shows the predicted elastic base shear histories for the minor, moderate, and severe

shaking motions. The peak base shear demands from these elastic analyses were determined

as 8.1 kips (10.0% of the total structural weight W), 22.5 kips (27.8% W), and 32.6 kips (40.3%

W), respectively. From the inelastic analyses in Section 3.2.3, the analytical base shear demands

were calculated as 7.1 kips (8.8% W), 11.9 kips (14.7% W), and 11.8 kips (14.6% W),

respectively. This corresponds to force reduction factors (reduction from the elastic demand

to the inelastic demand of 1.15, 1.89, and 2.77, respectively and shown in Fig. 3-22. This force

reduction factor is compared to the ductility reduction factor (R.J in the discussions below. Note

it was previously shown that the measured base shears for the moderate and severe shaking

approach the capacity obtained from a shakedown analysis (ultimate strength level).

Since a structure can provide a certain amount of ductility (inela'itic deformation), UBC (1991)

specifies a total strength capacity reduction factor (R.,,) of the elastic design force level (COIl)

based on allowable stress design. The elastic design force level (Ceu) is reduced by R,.. to the

inelastic design force level (C...), which allows for more economical design of structures. UBC

(1991) specifies only one design earthquake level for the detennination of the ultimate limit

state capacity. Therefore, the total force reduction factor is related to the inelastic design spectra

for the ultimate limit state and is not related to a serviceability limit state from service or moderate

design earthquakes. Vang and Bertero (1991) assumed a service design earthquake for steel

structures by specifying a drift limit that was inversely proportional to the R.... factor. That study

showed that the allowable seismic stress was too high for ductile structures and too low for

non-ductile structure.

Vang (1991) suggested that the fonnulation of the total force reduction factor (R,..) from UBC

(1988) includes overstrength, stress factors as well as a ductility based strength reduction as

follows:
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(3.10)

where RJI =Ductility Reduction Factor. Since a structure has the capability ofdissipating

energy as a result of ductility, the elastic design force level (Ceu ) is reduced to a

level of inelastic ultimate strength (Cy).

Q = Overstrength Reduction Factor. The structural reserve strength that exists

between the inelastic ultimate strength level (Cy) and the first plastic hinge

occurrence level (C.).

Y = Allowable Stress Factor. The strength that exists between the first plastic

hinge occurrence level (C,) and the allowable stress level (Cw )'

According to the provisions in l'BC (1991) for an ordinary moment resisting RIC frame, the

total force reduction factor (Rw) is 5 for the three story model in this study. However, this is

not the factor to compare with the demand response reduction factor discussed previously. The

response reduction factor is equivalent to the required ductility based strength reduction factor,

RJI' For the model building, a dynamic amplification factor (overstrength reduction factor, Q)

of 1.3 is used to adequately represent a projected dynamic ultimate surface for considering strain

hardening of the rebars and dynamic strain rate effects (typically shown in Figs. 2-10 and 2-11).

The allowable stress facto! (Y) typically ranges between 1.4 and 1.5 according to various codes,

(Vang, 1991). Therefore the corresponding ductility reduction factor (RJI) according to UBC

(1991) from Eq. (3.10) is 2.75.

Table 3-3 summarizes the response (demand) reduction factors and the ductility based capacity

reduction factors for the model, along with the structural damage index, displacement ductility

ratio, and the base shear demand and capacity computed analytically. It was observed that the

ductility reduction factor and the response demand reduction factor are almost equal when the

base shear approaches the ultimate load for the severe shaking.

It should be noted that for response (capacity) reduction factors of 2.7~ the associated damage

index is high (0.49) with a ductility demand of 1.96 (fairly low). If the structure is to be

maintained without damage (index of 0.04), caplU.ity reduction may not be recommended at all

for these types of structures or, the ductility of its details must be substantially improved. The
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strength demand reduction factors and ductility (displacement) demand ratios can be adequately

detennined using the calibrated analytical model. for the current study. in association with an

allowable target damage index.

TABLE 3-3 Response Reduction Comparison

Minor Moderate Severe

(0.05 g) (0.20 g) (0.30 g)

Analytical Elastic Base Shear Demand 10.0% 278% 40.3%

(% of structural Weight)

(Original Inelastic Base Shear Demand 8.8% 14.7% 14.6%

Bldg.) (% of Structural Weight) (Capacity) (15.0%) (15.0%) (15.0%)

Damage Index 0.04 0.23 0.49

Displacement Ductility Demand 1.00 1.38 1.96

I Response Reduction Factor. 1.15 1.89 2.77

Code 1 UBC (1991) - Ductility 2.75 2.75 2.75

Reduction FactoroR.

1 (Demand) Response Strength reduction factor computed from the base shear
ratio of the elastic and inelastic analyses based on the experimental response
fit model.

2 Strength reduction factor for an ordinary moment resisting concrete frame with
R.... =5. n =1.3. and Y =1.4.
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3.7 Summary Discussions

Three sets of properties were u!'Oed in an analytical model to simulate the seismic response of

the structural M.:aled model based on: (i) engineering approximations; (ii) component tests; and

(iii) an experimental response fit. It was shown that the first two models provide adequate

agreement with the experimental response with only slight underpredictions of response in parts

of the history. The experimental response fit required slightly varying initial and post-cracking

column stiffnesses at different stories to better simulate the experimental response. It was shown

that the damage states analytically estimated from the experimental fit model and experimentally

observed damage states are similar. However for practicing engineers, analytical modeling can

only be carried out using approximations of member property or possibly using component

tests. This study shows that analytical, modeling. based on engineering approximations or

component tests, can provide adequate prediction of response of structures from earthquakes.

It was shown that good correlation was obtained usmg reduced stiffnesses of 60% and 25% of

the calculated gross stiffness properties ofcolumns and beams, respectively. Note that the beam

gross stiffness was derived including full slab width contributions. These initial member

stiffnesses were comparable with recently suggested values by Paulay and Priestley (1992).

A damage evaluation of the building was also perfonned by quantifying the induced member

damages (through damage indices) from the earthquakes. It was shown that severe damage

results to the interior columns and moderate damage to the exterior columns of the first and

second floors of the model after the severe shaking. Little reserve strength remained in the

column members for resisting any future lateral loads. The interior beams remained in a

"serviceable" damage state with moderate damage resulting in the first story exterior beams in

the pull-out direction. The analytical damage evaluation complements the experimental mea

sured damage state during the test (which alone is not sufficient to assess the damage state of

the structure). Also, correlations exists between the damage indices computed from the

analytical evaluation and from the measured experimental response. The incipient failure

mechanism for the model, derived from the damage evaluation. was identified to be a

colurnn-sidesway or soft-story type, which was also observed experimentally. El-Attar et aI.

( 1991 ) observed collapse of the 1:8 scale model from an identical mechanism that was obtained

both analytically and incipiently during experiments in this study.
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The critical peak ground a£celeration of the Taft N21 E motion to cause collapse of the original

undamaged model is determined to be about 0.35 g. The critical variables used for this deter

mination were the inter-story drifts, base shear force demand and capa£ity, critical member

damage indices from modified Park's Model (without consideration of P-delta damage), and

overall structural damage index.

\ modified damage index was proposed to incorporate the strength damage associated with the

P-delta effect in columns. This advanced damage index was particularly useful for the critical

columns of the model to obtain a critical peak ground a£celeration for the Taft N21 Emotion

and compare the influence of P-delta effect on damage. It was shown that the corresponding

member damages were increased by about 33% with the additional P-delta effect for the 0.30

g shaking. However, this amplification in the damage index only occurred at large story dis

pla£ements. With the more appropriate damage index, collapse would occur at a critical peak

ground a£celeration between 0.30 g and 0.35 g (in comparison to about 0.35 g without the P-delta

effect).

With elastic and inelastic analyses of the model, the base shear demand reduction factors from

the elastic force level to the inelastic strength level were determined as 1.15, 1.89, and 2.77,

respectively for the minor, moderate, and severe earthquakes. In comparison with UBC (1991)

for the inelastic design force level, the recommended ductility reduction factor, R~, is 2.75 for

an ordinary moment resisting RIC frame with a total force reduction fa£tor (R.,.) of 5, an

overstrength reduction fa£tor (0) of 1.3, and an allowable stress factor (Y) of 1.4. Therefore,

for the severe shaking near ultimate force capacity, the ductility reduction factors are similar.

However, for the minor and moderate design earthquakes. The response demand reduction

factors do not correlate to the ductility based strength capacity reduction factors specified by

UBC (1991). If the design of LRC frames is based on minor earthquakes the strength capacity

reduction factors of UBC 1991 might not be adequate. If the design of LRC frames is based

on minor earthquakes, the strength capacity reduction factors of UBC 1991 might not be ade

quate.
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SECTION 4

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS FOR

FUTURE WORK

4.1 Summary of LRC Frame Model Testing

4.1.1 Design

A typical three-story moment resisting RIC frame structure was designed primarily to carry

only gravity loads (U =1.4 D + 1.7 L). No consideration was made for seismic resistance and

the general non-seismic detailing provisions of ACI-318-89 were used. The structure is con

sidered to be representative of low-rise building typically constructed in the Eastern and Central

United States, where seismic codes have not been, or are still not, enforced. The structure is

probabl y weaker than the ordinary moment resisting frames designed according to newer codes,

which have minimum joint reinforcement and bar continuing in critical regions.

A one-third scale three story RIC model was designed and constructed in the State University

of New York at Buffalo Earthquake Simulation Laboratory. The model was one-bay by

three-bays with two overhanging sides ofonc-third bay width and represented the critical interior

bay of the prototype structure. The total weight on the shaking table including the model, the

base foundation, and the connecting concrete block. was about 110 kips. which was the near

maximum capacity of the vertical actuators.

4.1.2 Experimental Study

The model was tested on the shaking table using the scaled Taft N2lE component to simulate

minor (PGA 0.05 g). moderate (PGA 0.20 g). and severe (PGA 0.30 g) earthquakes. The

behavior of the model from the ",ino, etutJaqlUl1ce can be summarized:

I. Response was governed by elastic deformations with only slight cracking in some

column members.

2. Response was dominated by the first mode of vibration.
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5. Slab steel from the full slab width had a dramatic contribution to the flexural

strength of the beams. For a typical beam-eolumn-slab component, the nominal

moment capacity of the beams with full slab steel contributions exceeded the

capacity of the columns by about 66% (nominal column to beam strength ratio of

about 0.60).

6. Large reductions in story stiffness (approximately a total of 40% and 60% for the

first and second stories, respectively) and natural frequency (total of 33% in the

first mode) were observed after the eanhquakes.

7. The measured base shear force demands for the moderate and severe shaking were

15.2% and 15.3% of the total structural weight, respectively. The base strength

capacity from a shakedown analysis at a 2% drift limit had been reached during

both earthquakes.

8. The equivalent viscous clamping factors were detennincd to have more than tripled

in comparison with the undamaged model, due to contributions from hysteretic

damping.

4.1.3 Analytical Studies

Three analytical models were developed to simulate the seismic response of the model based

on: (i) engineering approximations; (ii) component tests; and (iii) an experimental response fit.

The identified structural parameters for each analytical model were: (I) the initial. post-eracking,

and post-yielding stiffnesses; (2) the cracking and yielding moments; (3) the damping charac

teristics; and (iv) the hysteretic properties.

It can be concluded that:

I. The analvtical models based on engineering approximations and component tests

provided adequate correlation witb the experimental response. The peak response

was captured and the response trends were similar. However, slight magnitude

variations were observed in the latter part of the motion.
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2. The fitted model to the experimental response required slightly varying initial

stiffnesses and post-cracking stiffnesses in each member to better simulate this

experimental response. For the minor shaking. the initial stiffness of the columns

and beams were about 0.60' (E~oI)~ and about 0.25' (Eltlm)~. respectively. The

post-cracking stiffness was EI/2 for all members. For the moderate and severe

shaking (consecutive runs), the initial stiffness of the columns were 0.39' (EIcol),'

0.33' (EI,~,)" and 0.44' (EIcn, ),. respectively for the first. second and third floors.

The initial stiffness of the beams were 0.25' (EI"",), (same as minor shaking). The

post-cracking stiffness was Ell 1.25 to model stiffer behavior after cracking (similar

to a bilinear model). The analytically predicted damage state was simIlar to the

experimentally measured and observed.

3. The damage evaluation indicated severe - "irrepairabJe" damage to the interior

columns and moderate - "repairable" damage to the exterior columns of the first

and second floors after the severe shaking. The interior beams remained within

the minor - "sen'iceable" damage state with a moderate - "repairable" damage

state to the first story exterior beams from the pull-out moments. The overall

damage indices were 0.04. 0.23. and 0.49, that the structure will suffer only minor

damage during minor earthquakes, minor to moderate during moderate earth

quakes, and moderate to severe during severe earthquakes.

4. The critical peak ground acceleration ofthe Taft N21 E component to cause collapse

of the original undamaged model was detennined to be about 0.35 g.

5. A modified damage index was proposed to incorporate the associated damage from

the P-deltaeffect in columns. It was shown that the corresponding member damage

indices were increased about 33% with the additional P-delta effect damage for a

0.30 g shaking.

6. The response demand reduction factors from inelastic response were comparable

to those of UBC (199 I) for the severe shaking. The expected damage, based on

such reduction factor, will be irreparable (indicated by the damage index in

Table 3.2). However. if smaller damage is the target of the design. no reduction
should be recommended or the ductility of current details should be sub

stantially improved.
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4.2 COIKlusions on LRC Frame Stnactures duriq Earthquakes

Ba.~ on the experimental and analytical study of a one-third scale three story model, the

following conclusions can be made about the behavior of lightly reinforced concrete (LRC)

structures during earthquakes:

I, For minor earthquakes, the inherent resistance and flexibilicy of such structures

are adequate to resist the seismic forces and avoid major damage.

2, For moderate and severe earthquakes, the structures may withstand the earthquake

at the ex-pense of large inter-story drifts, which may be in excess of 2%. Non

structural elements (windows, plumbing, etc.) and internal furnishings would be

ex.pected to develop severe damage. Although such defonnations are excessively

large, the structure does not col1apse, therefore life safety can be assured.

3. Under dynamic excitation, the ful1 slab width participates and contributes to the

moment capacity of the beams. This places high demands on the columns.

4. Structures are dominated by weak column - strong beam behavior. Under ultimate

load, a column-sidesway or soft-story collapse mechanism will be the mode of

failure.

S. Dynamic amplifications in material strengths ofabout 30% are expected from strain

hardening of the reinforcement and dynamic strain rate effects.

6. Significantcontributions from higher mode effectscandevelop in typical structures

from earthquakes.

7. For undamaged buildings, initial stiffnesses of 0.60 (EU. and 0.2S cm.). are

good initial approximations for the columns and beams, respectively, which are

similar to the stiffnesses recently sugested by Paulay and Priestley (1992).

However, after a damaging earthquake, the columns are expected to develop severe

damage and the initiall>tiffnesses can deteriorate to as low as about 0.2S <BaJ•.
A post-cracking stiffness ofEII2can be used foran undamaaedstructure. However.

ifmembercracking exists from strong lateral loads, a post-aackinl stiffness similar

to the initial stiffness (bilinear rcpmICDtatiOO) can be used in those members.

4-S



8 The strength reduction factors from UBC 1991 are adequate for capacity design

using severe earthquakes. The response demand ~duction factors match the

strength capacity reduction factors by UBC for maximum credible earthquakes in

low seismicity areas.

9. Natural period computations from UBC (1991) greatly differ from the observed

in such flexible buildings. Possibly a new formulation for predicting the natural

period of buildings needs to be developed for lightly reinforced frames based on

field testing.

10. Retrofit of such low-rise structures in low seismicity zones may not be necessary

because: (i) LRC structures have some inherent resistance to earthquakes; (ii) the

high degree of flexibility provides only little amplifications for most earthquakes

(Mexico City earthquake is an example of an exception); and (iii) the probability

of a severe earthquake striking in a low seismicity zone is small as compared to

cost of retrofit. However for important low-rise structures or for medium-rise

structures that may require more than preservation of life safety. a minimum retrofit

may be necessary to avoid a soft-story collapse mechanism and reconfigure to a

more desirable beam-sidesway mechanism.

4.3 Recommendations for Future Research on the Design and Evaluation of LRC Frame

Structures

The behavior of lightly reinforced concrete member components and low-rise frame structures

has been thoroughly studied in this research program. However. the experimental and analytical

studies on frame structures in this work have only considered the Taft N21E ground motion. It

is considered of interest to investigate how such typical frame structures would respond to

different earthquakes. particular those with ground motion and soil conditions similar to the

Eastem United States. It is speculated that the response of such structures would be similar to

that presented in this study (weak column - strong beam behavior with large inter-story drifts).

It was shown that analytical models developed from replica component tests provided adequate

correlation with the seismic response of the one-third scale model building. For the time being.

this analytical model is considered suitable for predicting seismic response behavior of a pro-
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totype structure. However, further verification is necessary to consider any variations that may

occur due to the scaling involved in this study. One particular variation may be related to strain

rate effects which can influence the pull-out of the discontinuous beam reinforcement.

Other types of non-seismically detailed structures also need further experimental verification

such as: flat slab buildings; buildings with walls; masonry buildings; and medium to high rise

structures.

Another area of research can focus on the non-structural elements of LRC structures. It was

shown in this study that such buildings are governed by large story drifts during seismic activity.

It is expected that large non-structural damage will develop during moderate and severe type

earthquakes.

A sensitivity parametric study can be carried out on the hysteretic properties for analytical

modeling based on the experimental results presented in this study. The objective of this work

can be focused on establishing default initial values for the hysteretic parameters ofgravity load

design members.

Further verification of the proposed damage model, which incorporates the damage associated

with the P-delta effect, is needed. A multiplicity of indices associated with importance factors

might be necessary to characterize damage in structures. More experimental and analytical

studies should be carried out for calibrations of the ultimate monotonic displacements and

curvatures of individual components.

Finally the retrofit of inadequate structures should be a major concern. A subsequent study on

selected seismic retrofit techniques for the RIC frame studied in this report was already com

pleted and is the subject of the Retrofit Report Series (Choudhury et aI. 1992, and Bracci et ai,

1992b).
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NCEER-88-OO34 "SeISmIC Response of Pile Foundations," by S.M. Mamoon. P.K. Banerjee and S. Ahmad. 11/11118. (PB89
145239/AS).

NCEER·88-OO35 "Modeling of RIC BUilding SlllICtures With Flexible Floor Diaphragms (IDARC2)," by A.M. Reinhom. S.K.
Kunnalh and N. Panahshahi. 9nJ88, (PB89-207IS3/AS).

NCEER·88-OO36 "Solution of the Dam-Reservoir InlcraClion Problem UsinS a Combination of FEM. REM with Panicular
llllegal" Modal Analysis. and SubllrUclllring:' by C·S. Tsai. G.C. Lee and R.L. Ketler, 12/31/81. (pB89
207146/A5).

NCEER·88-OO37 "Optimal P'-:emenl of Al:lUaIon eo.- SlnK:tura1 Conlrol," by F.Y. Chenl and C.P. P..lelidca. 8/1SI88. (pB89
I62846/AS).

NCEER-88-OO38 "Teflon Bearings in Aseismic Bue bolatiOll: Ellperimental SlUdiea andM~ ModeliJll." by A.
Mokha, M.C. Consllnlinou and A.M. Rcinhom, 12IS188. (PB89·2184S7/AS). This report ia available only
Ihrough NTIS (sec addresl liven above).

NCEER-88-OO39 "Seism., BehaVIOr of Flat Slab Hip-Rise Buildinp in the New YOIt City Area," by P. Weid1in&er and M.
Ettouney. 10/15/88. (PB90-14568I/AS).

NCEER-88-0040 "Evaluallon of the Ear1hquake Resiatana: of &.isting Buildin,s in New York City: by P. WcidlinJer and M.
Ettouney, IO/IS/88, to be published.

NCEER-8P-0041 "Small-Sl:ale Modelln, Techniques for Reinforced Conaete StrueIUra Subjected 10 Seiamit Loads: by W.
Kim. A. EI-Auar and R.N While. 1l/22lllll. (PBB9.I8962S/AS).
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NCEER-88-0042 "Modeling Strong GroWld M"uun from Muluple Event Earthquakes," by G.W. EUIJ and A.S Cakmak,
10115188, <PB89-17444S/AS)

NCEER-88-0043 "Non.lAuonary Models or SeL.mIC Ground Al:celeraLion," by M. Grigoriu, SE. RUlz and E. Rosenbluelh,
7/IS/lI8, (PB89·189617/AS).

NCEER-88-(D4.4 "SARCF User's Guide: SeismIC Analys.. of RetrUorccd Concrete FrlllTlCs," by YS. Chung, C. Meyer and M.
Shinozuka, 11/9Ill8, (PB89-1744S2IAS).

NCEER-88-004S "FIrSt Expen Panel Meebns on DIsaster Research and Plannins," edited by 1. Panlehc and J. SlDyle. 9/1S/lI8,
(PB89-174460/AS).

NCEER-88-(X)4() "Prehmmary Studies or tile Erf~ of Degr8dmg Inri' I Walls on the Nonlinear SeIsmiC Response of Steel
Frunes," by C.l Chrysoslomou, P. Geraci)' Ind J.F. Abel. 12119188, <PB89-208383/AS).

NCEER-88-(XI47 "RelOfor"ed Concrete Frame Component Te.tins FlICllity - Desisn, Con~tion, In.lrUmenlAlion and
Operabon,' by S.P. Pessw. C. Conley, T. Bond. P. Geraely and R.N. While, 12l1618ll. (PB89-174478/AS).

NCEER-89-<XXJl "Effects of ProleclJve Cw.tuon and Soli ComphaIKy on the Responac: of EqulpIllCnt W,thin & SelSmiuUy
EXCited BUlldIOS," by J.A. HoLung, 2116189, (PB89-2071791AS).

NCEER-89-<XXl2 "Stallslleal EvaluaUon of Response Modification FaclOn for RelOforced Concrete Structures," by H.H-M.
HW&nl! and J·W Jaw, 2117/l19. (pB89-207187/AS).

NCEER-89-<XXl3 "HYSlerellC Columns Urider RanOOm EXCllAlion," by G-Q. Cai and Y.K. LIII. 119/89. (PB89-196.5I3/AS).

NCEER-89-<XK>4 "Expenmental Study of 'Elephant Foot Bulse' Instability of Thin-WaJ1cld MelaJ Tants." by Z-H. Jia and R.L.
Keuer, 2f22/l19. (PB89·207I9S/AS).

NCEER-89~ "Expenment on Performance of Buned Plpelmes Across San Ardea Fault," by J_ IsenberS. E. RIChardson
and TD. O'Rourke. 3/10189, (PB89-11844OlAS).

NCEER·89·<XXJ6 "A Koowledge-8--S Approadllo SlrUcIurai Des.,n of Ear1hquake-ResiJtant Buildlllg.... by M. Subramani,
P. Gergely. CH. Conley, J.F. Abel and A.H. Za,hw. 1/1S/lI9. (P889-2lIl46S/AS).

NCEER-89-0007 "Liquefa:bon Hazards and Their Eff~1a on Buried Pipelines," by T.D. O'Rourke Mel P.A. Lane, 21l/ll9.
(PB89-2l Il481).

NCEER·89-<m8 "FWJdamenlaJs of System Identification in Slructural Dynamics: by H. lmai, C-B. Yun. O. M.n!yllll& and
M. ShUlOzuU. 1126/89. (P889-207211/AS).

NCEER-89-<XXl9 "Eff~1I of the 198.5 Micho.;an Earthquake on Walei' Syllan' IIId Olber Buried Lifelines in Mexico." by
A.G. Ayala and MJ. O·Rourb. 318189. (PBI9-207229/AS).

NCEER-89-ROIO "NCEER BlbllOlfAIlhy of EanIlquab EducabHI Mala'iaIa." by K.E.K. Rou. SealIld ReviJion, 9/1/89, (PB90
12.53.521AS).

NCEER-89-<XJ11 "Inelastic Three·Dimen.ional Response Analy.i. of Reinfor~ed Con"n:1c Buildinl
Structures (IDARC-3D). Part 1 • Modelin.: by S.K. Kunnadl and A.M. Reinhorn. 4/17/19, (pB90
1146121A$).

lIfCEER-89-<XJ12 "Rocommended ModiflCaIiorIJ III ATC·14: :., C.D. Poland IIId J.O. MalIcy, 4/12189, (PB90-10ll648/AS).

t"ICEER-II9-<XJ13 "Repau- IIId Strenalhenml of Bcam-to-Colwnn Connections Subjected 10 Eanhquab Loadina: by M.
Corazao and AJ. Dun-aru, 2128/89. (PB90-I~/AS).
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NCEER·89·0)14 "Program EXKAU for Idenllfi~a1Jon of StrlKtural Dynaml~ Systerm:' by O. Maruyama, CoB. Yun, M.
Hoshl~a and M. Shlnoluka. ~/19189, (PB90·I09877/AS).

NCEER·89·(()15 "Res!"'n", "' Frames With Boiled Seml·Rlgld ConnectIOns, Pan I - E",penrnental Study and Analyucal
Pre.h~tll'ns.. by I'J DICorso. AM Remhorn. LR. l>Jdterson. JB. Radzlminskl and W.L. Huper. 6/1189, to
I>e pubhshed

NCEER-89-0:J16 "ARMA Monte: Carlo SlmulaUon 10 ProbabwstlC Slroctur.J AnalYSIS," by P.O. Spanos III1d M.P. Mlgnolet.
7110/IN. (pB~J·I098'.13/AS)

NCEER·8'>l-POI7 "Prdumnary Pf\,.;eeJmgs frum the Conference on DlSasler Pteparedne5& - The P1aoe of Earthquake £du.:abon
In Our S"ho",ls," Ed.led by K.E.K RD••, 6/23/89

NCEER·H90017 "l'n,.;ecJIOgs from lhe Conference on Disaster Preparedness· The Place of Earthquake £dueauon m Our
Schools," Ed.led by KEK Ross. 12131/89, (PB9()·20789S). ThIs repon IS avaLlable only through NTIS (sr.e

address glwn ao..>Ve).

NCEER-!I9-0018 "Muludimemillnal Models of Hyslerellc MaterIal BehaVIOr for Vibrallon Analysis of Shape Merraory Energy
Absorbmg DeVICes. by EJ. Gra.:sser and F.A. Cozzarelh, 6{7/89, (pB90-I64I46/AS)

NCEER -89-00 I '.I "Nonlinear DynamIC An.Jysls of Three·l>JmenslOnal Bue Isolated Stroctures (3D-BASIS)." by S. NagaraJalah,
A.M Remhom and M.C ConstanllOou. 8/3/89, (PB90-161936/AS). nus report i. available only thlUugh
NTIS (see address I!lven above).

NCEER-89-0l20 "SlIucluraJ Conlrul COlISrdennll Tlme·Rale of ConllUl Forces and Cona-ol Rale Consa-arnts," by F.Y. Cheng
and CP Panlehdes, 8[3/89. (PBlJO·120445/AS).

NCEER·89·(()21 "Sut>surfa<:e Cond.Uons of Memphas and Shelby County," by K.W. NS' T·S. ChanS and H-H.M. Hwang,
7126/89. (pBlJO-I20437/AS).

NCEER-89-0022 "SeIsmiC Wave PropagallOn Effects on StraIght Jomted Burred Prpelrnes," by K. ElhmadJ and MJ. O'Rourke,
8124/89. (pB90.162322/AS).

NCEER·1l9·1XJ23 "Workshop on ServICeability AnalySIS 01 Waler Delivery Systems:' edited by M. Gngonu, 3/6189, (PB90
I 27424/AS)

NCEER-1l9-0024 "Shall.1n@ Table Study of a lIS Scale Steel Frame Composed of Tapered Memben," by
K.C. Chang. J.S. Hwang and G.C, Lee, 9/18/89. (PB90-160169/AS).

NCEER-89-0025 "DYNAlD: A Compuler Program for Nonlinear Seismic Site Re5pORlC Analysis. Technical Documenlation,"
by Jean H. Prevost, 9/14/89, (PB90-161944/AS). Thll JqJort 11 available only throuah NTIS (see addreal
given aoove).

NCEER·1l9·lXJ26 "1:4 Sc.Je Model Sludiea of Active Tendon Syateml and Active Man o.mpen for AKiamic Protection.," by
A.M. Remhorn. T.T. Soong, R.C, Lin, Y.P. Yang, Y. Futao, H. Abe and M. Nakai, 9/lS189, (PB90
I 73246/AS),

NCEER-89-0027 "xaReflng of Wave. by Inclulio.. 10 a NonhomoSCIMlOUl EiMtic Half SI*" Solved by Boundary Element
Melhods," by P.K. Hadley, A. Aalw and A.S. Cakmat, 6/lS/89, (PB90-14S699/AS).

NCE:.ER-89·0028 "StahslIcal EvaluatIOn of Detlecllon Amplification Fa;ton for Reinforced Concrelc StnK:tureI." by H.H.M.
Hwang. }·W. Jaw and A.L. Ch'ng, ll/3iI89. (PB90-I64633/AS).

NCEER-89·002'J "Bedrock Acceleratio.. 10 Memptul Am Due to ~geNew MIChl EanhquaIra:' by H.H.M. HWAnIo C.H.S.
Chen and G. Yu, Ilnl89, (PB90-162330/AS).
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NCEER-8\1-lXlJO "SelsmK Rchavl(lr and Respons.: Senslllvlly of Sewndary SlIUdural Systems..' by Y.lJ Chen and TT Soong.
1O/2~/8~.1I·R'I()IMMIl/AS)

NCEER-IN-mJ 1 "RanJcll1l V'Nall"n and Rehablhly AnalySIS (If Pnmary-Sewndary Slru..1ural Systems," by Y INahun. M
Gngoflu and TT Soong. 11/10/89, (PB90-It>l\l'iI/AS)

NCEER-Il\I-llH2 "Pr'lU'eJlngs fntm the Sa:unJ U.S· Japan Wurkshop un Llquet...:uon, Large Ground Def(lnnallon and Their
Elfects ,'n L'fdllles. September 26-29. 198~." Ed,"'d hy T.D O'RoW"ke and M. Hamada. 12/1/8~. (?B'X.)
209188/AS)

NCEER-89-IXIH "l)etermlmsll.: M"del for Se'SInIl; L>amage Evaluation (If Relnfon:ed Con.:rete SlIUctwes." by 1M BraccI.
A.M Relllh"rn. JB. Mander and S.I{ Kunnath, 9/27/89

NCEER-Il\I-IIH4 "On the Relall<lR Between Local and Global L>amage Indu:es ..· by E DtP&s<.juale and AS Calunak. 8/1 'i/89.
(l'B9017386~).

NCEERlN-m3'i '"Cy.:hc UndrdJned Behavl<)r of Nonplastl<: and Low Plasll<:lty Silts," by AJ Walker and H.E. Stewlll1.
712t./8\1, (I'R'I()·181'iIIl/AS)

NCEER-89-(1).1t. "LILjudaLlHln 1'1Ilcnttal (It SUlfJ<:U1I Depos,ts In the City (If Buffalo, New York." by M. 8uJhu, It G,e.., and
L Raumgra.... 1/17/lN, (I·R9()-20ll4~'i/AS).

NCEER-1l9-11H7 "A Detennlnlsllc Assessment of Effects of Ground MOllon Incoherence," by A.S. Velets"s and Y. Tan~.

711~/89. (I'RIJ0164294/AS)

NCEER-lN-OJ38 "Workshop ,'n Ground MotIOn Parameters for SeismiC Hazard Mapping," July 17-18, 19119. edllc.J by RV
Whitman, 12/1/119, lPB90-173923/AS).

NCEER-lN-(l).N "Selsml. Effe...s "n EI<.'Valed TranSit Llnes"f the New York City Transl' AuthunlY." by C.J. C\>slanlJno. CA
Miller an.J E Heymsf'c1.J. I2I2lillN. (l'R'I()-20711S7/AS).

NCEER·lN-(XI40 "Centrifugal MlI.Jdlllg uf L>ynanllc SOI!-Slru.:ture Interacullll," by K. Weissman, SuperVised It)' J.H. Prevust.
"i/IO/8"1. (l'B'I()·207879/AS)

NCEER-lN-lkl4l ·'Llnellfue.J Identification of RUIIJmgs With Cores for SeISmiC Vulnerability Assessment." by IK. Ho ant.l
A.E Aktan, 11/1/89, (1'8\)(}.2S1943/AS).

NCEER-W-lXXll "G",,~h",cal and Llli:hne Aspects of the Ocll>ber 17, 19~ Loma PneLa Earthquake In San Franclsctl:' by
T.L> O'Rourke, H.E. Stewart. F.T. Blackburn and T.S. lhcunnan. 1M>, (PB90-21111S%/AS).

NCEER-W-(kJ02 "Nonnolmal Sectlndary Responk l>uc 10 y,ddtng III a Pnmary Slru.:ture," by D.C.K. Chen and L.L>. LUlC»,
2/2KNO. (PBIJO·2"i I976/AS).

NCEER·~)·lXXl3 "Earthquake EdiM;.lJon Mllenab for Grades K-12," by K.E,K. ROil, 4/16NO, (PB91·1134IS/AS).

NCEER-W-OJ04 "CatalOf! of Stron~ Motion SLalIOna In Eaalcm Nortll Amcnu," by R.W. Blllb)'. 4f3NO, (PBW·L~IIJ84)/AS.

NCEER-W-UX}'i "NCEER Strung.Mohon Da.. Bue: A Usa Manual for the GeoBuc Relcue (VersIOn 1.0 for the SunJ):'
by P Fnbcrg and K. Jawb, 3/31/90 (PB90·25t1062/AS).

NCEER-W-lXXl6 "SelimlC Huard Along a Crude OU PlpC111lC an the Event of 11'1 1811-1812 Type New Mw-Id Eanhquake,"
by H.H.M. Hwang and C-H.S. Chen, 4/16J'X)(PB90-25l1054),

NCEER-W-lXXl7 "SIIc·Spe.:lflC Response Spew. for ManptllJ Sheahan PulllJlln. StallOn." by H.H.M. Hwll'l' and C.S. Lee,
5/15NO, (PBI,II-Il*II/AS).
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NCEER·'Kj·llXlll "P,k't Study on ~lsmlC Vulner.blllty of Crude Otl TnnsmlSlJOO Syslems:' by 1. Anm... R. 1Jobry. M.
Gngonu. F. Kozin. M. O'Rome. T. O'Rourke and M. Shioozub. 5125~. (P891·I08XJ7/AS)

NCEER·~-(XX)9 "A PJugram to G_r.1e Site Dependent Time Histories: EQGEN:' by G.W. Eilts. M. Soniv... and A.S.
Cakm•. I/JOI\lO, (pBIJI·llMX29/AS)

NCEER-90-<XlIO "Active 1$01'bOll for SeISmic ProlectJon of Oper.ting Rooms:' by M.E. Talbott. SupervISed by M. Shioozub.
6/8/9, WBIJI·110205fAS).

NCEER-91.).(Xlll ··Progr.m LINEARJl) for identifICatIOn of LlIICar SlrllClUrai Dynamic Systeml," by C·B. Yun and M.
Shlnoluka. f>(2VK). (pB91-110312JAS)

NCEER·91.I·0012 "'Two-Dtmcnslonal Two-PhDe EIuto-P1astJc SeISmic Response of E.th Dams:' by A.N.
Y•.,os. SupervlMld by J.H Prevost, 6/20190, (PB91-110197/AS).

NCEER-~-OOI3 "Secundary Syslems 111 Bae·lsolated S~lUres: Expenmental ImcsliXllIon, SIodtutic Response and
St(X;hllbC Sensitivity," by G.D. Manolis, G. Juhn. M.C. Coostlnlioou IUld A.M. Remhom. 7/1~, (PB91
llOJ20/AS)

NCEER-9l.l·0014 "~ismlc BehaVior of Lightly·RemforQOd Concrete Column and Bearn-Column Joint Decaill:' by S.P. ~uiki.
cn Conley, P. Ga-gcly and R.N. White. 8(2.2190, (PB91·108795/AS),

NCEER-9l.l-OOI~ "Two Hybrid Control Systeml for Buddina Structurel Under Siron. Earthquakes," by J.N. Yana and A.
Danlebanl. ~f¥J. (PB91-125J93/AS).

NCEER-9l.l-0016 "lniWltaneous Opllmal Control with Acceleration and Velocity Feedt.ck." by J.N. Yana and Z. Li. 6/29~,
(P891·125401/AS).

NCEER-9l.l-0017 "Reconn.lssance Report on the Northern Iran Earthquake of June 21. 1990," by M. Me"-lin, 10j.4~. (PB91
125371/AS).

NCEER·9l.l·0018 "Evaluauon of LlQucfKtion Potential in Memphil and Shelby County: by T.S. Chilli, P.S. Tan" C.S. Lee
and H. Hwan,. 8/10,90. (PB91·12S4271AS).

NCEER-9l.l-0019 "Experimental and Analytical Study of. Combined S\idina DiM: Bcarina and Helical Steel Spnna Isolation
System," by M.C. Conltantinou, A.S. Moth. and A.M. Rcinhom. 1000~, (pB91-I~J85/AS).

NCEER·9l.l-0020 "Expenmcntal Study and AnalytJca1 Predj<:tion of EarthquakeR~ of. Shdinalaolation System with
• Sphmal Surface," by A.S. Mokha. M.C. ConslInIinou and A.M. Reinhorn, 10111/90. (PB91-125419/AS).

NCEER-90-OO21 "DynamIC Interaction Facton for FIo.tina Pile Groupa." by O. 0.... K. Fan. A. Kaynia and E, KaulcL
9110t90. (P891-17OJ81/AS).

NCEER-9l.l-0022 "Evalu.tion of Seismic Darnqe Indica for RcinfORlCld Concrete SInIctuna: by S. Roch,uez-Oomez and
A.S. CaJun.. 9f30191J, P891-171322/AS).

NCEER-9l.l-0023 "Study of Site Rnponae at. Sci«:IW Memphil Site," by H, DIaai. S. Ahmad, E.S. Gueu. and M.l. Oh.
1O/11~, (PB91-1968S7/AS).

NCEER-90-<XJ24 "A Uacr'l Guide 10 StronJlllO: Vawion 1.0 of NCEER'I SlroIIJ-Motion DIIla~ Tool for PCI and
Terminal,," by P A. Fribcra and C.A.T. SUIdl, 11/15~, (p891-1712721AS).

NCEER-9l.l-0025 "A Threc-Duncnllonal Analytical Study 01 Spatial Variability of Seiamil; Ground Motions," by L-L. Honi
and A.H.-S. Ana, 10{30t'90. (PB9I·I70399/AS).
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NCEER-90-0026 "MUMOIU User'sOuide - A Proaram f~ the IdennficaDOII 01 ModIl Panmelen: by S. Roch'uel-Oomez
and E. DiPuquale. 900!90. (PB91-171298/AS).

NCEER-90-OO27 "SARCF-II User's Guide - Scismic Analyall of RClllfon:ed Concrete Pr_." by S. Rodri,uel-G<>meZ, V_So
Chun! and C. Meyer. 9f3OflO. (PB9I·171~AS).

NCEER-90-00211 "VISCVUS Uampen TesllJIg. Modebn! and AppbclbOn in VibnbOll and Seismic 1Jo1alion," by N. Makrll and
MC. ConstantlllOU. 12I1!J/9O (PB91-190S61/AS).

NCEER·90-OO29 "Sod EffC!4.1s on Earthquake Ground Motions in Itw McnJpilis Area." by H. HwlUll. C.S. Lee. K_W. N. mel
"S Chana. 8f219(J. (pB91.1907SI/AS).

NCEER-91-(xx)] ··Pto<:ccdJn,1 from the Third lIpID-U.S. Workshop 011 Elnhquake RClillallt DeaiJII of Lifeline Fac;ilitiellnC!
Counlelmeuures for Soli Liquefaction. Da:anber 17·19. 1990." ediled by T.D. O'ROIRe and M. Hamada.
211m. (PB91.179~91AS)

NCEER-91-rnl2 "Phym:a1 Space Solutions of Non·ProportJona1ly Damped Syltalll: by M. TOClJ. Z. Lian. InC! G.C. Lee.
1/ISI9I. (1'891-179242/AS).

NCEER-91-(xx)3 "Se..m,c Response of Sinale Piles and Pile Group," by K. Fan and G. Gazcw. 1/1Q,91. (PB92·IU994/AS).

NCEER·91·0J04 "o.mpmg of StnKtul'cs: PIft 1 - Theory of Complex Damptna." by Z. Liana and G. Lec. 100IO~I. (PB92
197235/AS).

NCEER-91-<Xm "3D-BASIS - Nonline.. Dynamic Analysis of Three I>imcMIonaI Rue boWled SlnIl:tUra: Part n: by S.
NaglrljaJah. A.M. Reinhorn InC! M.e. Conllantinou. 2121191. (pB91·190SS3fAS).

NCEER-91-<XXJ6 "A Multllilmensional Hyltcrctic Model for P1ubcity Deformi"l Metals in EnuJ)' AIMorbin. Deviclel: by
EJ. Graesaer and F.A. CoUMdb. 419"'91, (P892·108364/AS).

NCEER·91-<XXl7 "A Framework for Cuslomluble Knowled,e·Bued Expert Syatems with III Application 10 I KBES for
EvaiultlRg the Seismic Resiatanoe of Existi"l BuildinJs." by E_G. Ibarra.Anaya .... SJ. Fenvea, 4/9/91.
(PB91·210930/AS).

NCEER·91-<XX>8 "Nonlinear Analylis of Sseel Frames willi Semi·Riaid ConnecIions Ulina !he CII*iIY SpIClnIm Mclbod,"
by G.G Deierlein. SoH. Hlieh. V·J. Shen and J.F. AbeL 712191. (PB92·113I281AS).

NCEER-91.(XX)9 "Earthquake Education MIICriaII for Gradel K·12: by K.E.K. Rou, 4/3(},91. (PB91·2121421AS).

NCEER·9I-OOIO .'!'haae Wave Velocibea UId 0iapIacement PhMe Diff-.- in I HarmoaicaIIy 0IciIlatina Pile: by N.
Makri. UId G. Gazctu, 718/91. (PB92·I083WAS).

NCE£R·9I-0011 "Dynamic CharICt«iatic::a of • FuU-Size Pive-SIllIIy S..I SlnIc:IUre and I 215 Scale Model: by K.C. CIulla.
G.C. V.u. G.C. Lee. 0.5. H.u and V.C. Veil: 712191.

NCEER-91-OO12 "Scismic RCIpOIIIe of I ~ Scale Steel SlnEIUre wilb Added Vjeooel..... DIm...." by K.C. CMna. T.T.
500... SoT. 011 InC! M.L. Lai. 5mm (PB92·110116t'AS).

NCEEJt·91-OO13 "EarthquaIte Respome of RClIinin. WaI1I; FuU-5<;alc T.-. and CompulIIionaI MocIeJiq.• by S. AI.npa1li
and A·W.M. El.amaL 61»91. III be pubIiIhId.

NCEER-9I-OO14 "3D-BASIS-M: NonIineir Dynamic AnaIyaia of Multiple BuiIdiDa a-1Io11Md StrIICIIII'eI," by P.C. TIOpe1II.
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