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l&. ----(~ 2IlIlI -I This report is Part II of a two part series on the evaluation of seismic
retrofit methods for concrete frame stl"'uctures. It deals with the behavior of the entire
structural system when several retrofit techniques are applied to Individual components. A"
analytical and an experimental study was done on a scaled model of a structure and several
I"'etrofit techniques were evaluated. Part I describes the evaluation of individual com
ponents retrofitted· and' tested with cyclic loading, that provided the base for modeling of
the entire structul"'e presented in this I"'eport. In this report the evaluation of three re
trofit technique., i.e •• concrete jacketing method, masonry jacketing method. and partial
frame masonl"'y Infill. Is presented based on an analytical stUdy of retrofitting a typical
lightly reinforced frame designed according to ACI 318-89 only for gravity loads (1 .110 +
1. 7L) • The jacketing technique is further evaluated based on an experimental and analy
tical stUdy using a 1:3 scale structural model subjected to simulated earthquake motion
supplied by the seismic simulator (shaking table) at SUNY I Buffalo. The (jacketing)
technique was applied only to selective portions of the structure, and it achieved the
limited improvement of strength and damage control as required in moderate seismicity area'
and as anticipated. This selected retrofit required only minhnal structural interference anCl
may prove to be economically attractive. The analytical modeling, based on component in
formation (obtained from the study presented in Part I of this report series). shows that
the overall response of retrofitted structures can be adequately estimated, if good informa
tion is available for the components.
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PREFACE

The National Center for Earthquake Engineering Research (NCEER) was established to expand
and disseminate knowledge about eanhquakes, 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 zones 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 to
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 and
ground motion

• Soli. and geotechnical
engineering

• Structure. and ay.tama

• Rlik and ral18blllly

• Protactlve .nd
IntaUlgent .ystem.

• Societal and economic
atudle.

ELEMENT II
APPLIED RESEARCH

• The Building ProJect

• The Nonatructural
Component. Project

• The Uellne. Project

• The Bridge Project

ELEMENTm
DEIIONSTRAnON PROJECTS

c..StudIe.
• Active and hybrid control
• Ho..-ltal and da. proce.lng

bicllitiea
• Short and medium apan

bridge.
• Wa.r supply .yatem. In

Memphl. and san Francisco
Regional Studle.
• New York City
• .......lppl Valley
• san Franclaco lay Ar..

ELEMENTIY
IMPLEMENTAnON

• Confer'encaeJWorkahopa
• EducatlonlTr.lnlng cour••
• Publication.
• Public Awe,."..

Research in the Building Project focuses on the evaluation and retrofit of bl1ildings in regions of
moderate seismicity. Emphasis is on lightly reinforced concrete buildings, steel semi-rigid
frames, and masonry walls or infiUs. The research involves small- and medium-scale shake table
tests and full-scale component tests at several institutions. In a parallel effort, analytical models
and computer programs are being developed to aid in the prediction of the response of these
buildings to various type!: of ground motion.
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Two of the short-term products of the Building Project will be a monograph on the evaluation of
lightly reinforced concrete buildings and a state-of-the-an repon on unreinforced masonry.

The structures and systems program constitutes one of the imponant 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. Perform 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.

This repor. is the second of a two-report series slUMIQI'izing research on ,he retrofi. of rein
forced concrete buildings that had been designed oraly for gravity loadings. The firs, report is
concerned with reduced-scale column, beam-column, and beam-coIU1rl1l-slab specimens which
were retested after retrofit. This report describes analytical and shake-table studies of a three
story building model which was first tested to near failure level loads. The retrofit of the
damaged building included concrete jacketing and post-tensioning ofthe columns and slab fillets
around the columns. The failure mechanism was successfully changed to a desirable weak-beam
and strong-column failure.

iv



ABSTRACT

This repon is Pan II ofa two pan series on the evaluation ofseismic retrofit methods for concrete

frame structures. It deals with the behavior of the entire structural system when several rettofit

techniques are applied to individual components. An analytical and an experimental study was

done Oil a scaled model of a structure and several retrofit techniques were evaluated. Part I

describes the evaluation of individual components retrofitted and tested with cyclic loading.

that provided the base for modeling of the entire structure presented in this repon.

In this repon the evaluation ofthree retrofit techniques. i.e., concrete jacketing method. masonry

jacketing method, and panial frame masonry infill, is presented based on an analytical study of

retrofitting a typical lightly reinforced frame designed acconting to ACI 318-89 only for gravity

loads (1.40 + 1.7L).

The jacketing technique is funher evaluated based on an experimental and analytical study usi:'lg

a 1:3 scale structural model subjected to simulated earthquake motion supplied by the seismic

simulator (shaking table) at SUNY/Buffalo.

The (jacketing) technique was applied only to selective ponions of the structure. and it achieved

the limited improvement of strength and damage control as required in moderate seismicity

areas and as anticipated. This selected retrofit required only minimal structural interference

and may prove to be economically attractive.

The analytical modeling. based on component information (obtained from the study presented

in Pan I of this repon series), shows that the overall response of retrofitted structures can be

adequately estimated, if good information is available for the components.
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SECTION 1

INTRODUCTION

1.1 Background

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

National Center for Eanhquake Engineering Research (NCEER) on the seismic damage

assessment and performance evaluation of buildings in woes of low seismicity, such as in the

Eastern and Central Uni!ed States. Buildings in such zones are typically designed only for

gravity loads (U =1.4D + 1.7L, herein referred to as GLD) according to the nGn-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 considention

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

some minor and moderate eanhquakes. 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 gnvity load

designed RIC Frame Buildings and (ii) an evaluation ofseismic Retrofit ofRle frame structures.

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

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

RIC frame buildings was developed and carried out according to the plan outlined in Fig. 1-1.

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

States (Lao, 1990 and EI·Attaretal., 1991und 1991b), a one-third scale model wasconstrueted

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

Eanhquake Simulation Labontory. 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 Pan

I of the Evaluation Repon Series (Bracci et al 1992b). Based on this repon, analytical models

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

severe eanhquakes.

1-1
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Companion reduced scale slat-beam-column subassemblages were also constructed with the

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

presented in Part 11 of the Evaluation Report Series (Aycardi et al.. 1992). The components

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

model huilding. The results of the component tests were used to identify the behavior oflocalized

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

overall response of the model building with analytical tools.

The experimental and analYlical perfonnance of the model building during moderate and severe

shaking is presented in Part III of the Evaluation Report Series (Bracci et aI.• 1992b). The

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

member behavior developed from engineering approx.imations 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 hy EI-Attar et al. (\991 b) as part of a collaborative study with

SUNY/Ruffalo. 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 structures 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 pre~nted in this

report which is Part II of the Retrofit Report Series.

In Part Iof the Retrofit Report Series (Choudh uri et aI., 1992) of this resean;h 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 perfonned 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 perfonned 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 of the overall retrofitted model building with analyses
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presented in this repon. which is Pan II of the Retrofit Repon Series. Based on analytical

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

constructed. An e~perimentaland 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 fretme buildings: (i) can be designed

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

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

1.2 Overall Objectives of Research Program

The objectives of the overall research program are summarized below along with the

corresponding NCEER publications from Table I-I:

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

huildings during eanhquakes through shaking table testing of a one-third scale

model under minor. moderate, and severe eanhquakes. (Sei.fmic Resistance ofRIC

Frame Structures De.fif.(ned only for Gravity Loads: Parts I and JlI, Evaluation

repon series, by 1.M. Bracci. A.M. Reinhom. and J.B. Mander)

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

(Seismic Re.fi.flllnce ofRIC Frame Structures De,fiRned only lor Gravity LoadJ:

Parr/ll. Evaluation repon series. by 1.M. Bracci, A.M. Reinhorn.and J.B. Mander)

3. Detennine the behavior and material propenies of individual members and

subassemblages of the structure. (Seismic Re.fi.f1ance of RIC Frame Structures

DesiRnedonlylorGra'vityLoads: Pari II, Evaluation repon series, by L.E. Aycardi ,

1.B. Mander, and A.M. Reinhom)

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

near collapse. (Sci.fm;c Rcs;slance of RIC Frame Structures De.'iigned only for

Gravity Loads: Pam II and /II. Evaluation repon series. by 1.M. Bracci, L.E.

Aycardi. 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 Gravity Loads

Part I: Design and Proper~sofa One-Third Scale Model Structure
(by J.M. Bral:ci. A.M. Reinhom. and lB. Mander), NCEER-92-0027

(i) IdcOIificatJOn of dcfil'lcncles of current engince:ring practice.
(ii) Scale modeling.

(III ) Expcrimental identification of strllCtural characteristics.
(iv) Ground motions for slfUCtural evaluation and experimemal program.

NolC: This report serves as lIare malCrial for evaluation of analytical tools.

Part 11; Experimental Performance ofSubassemblages
(by L.E. Aycardi. J.B. Mandc;. and A.M. Reinhornl. NCEER-92-(X)2R

(I) Ilkntify ochavior and dcrkiencies or varIous componenLs in structures.
(II) Idc-lIl1l y I11l'ml>cr l'harartenstics ror dcvelopmg analytical modds to predict the seismic response

"III\<' 'lnl'-thlrd Sl'alc model strocture.
~{)ll.": 'Ihis repon serves as e\'aluauon of stroctural characlCristics to llc mcorponllcd in the evaluation

of Ihe rmire struuural system.

Part Ill: Experimenial Performance and Analytical Study ofStructural Model
(by J.M, Bracci, A.M. Reinhorn, and J.B. Mander),NCEER-92-0029

(I) hl\'l'Stl~ale the po.'rformancr and rnncipal defIcienCies or typical gravity load designed frame
"ulldin~s dunng carth~uakcs thro.:gh "haking table testing of a one-third scale model under
IlllOor, l\lo(krJt(' and severe earthquakes.

(II) Idl'nllly the ')otcnual collapse mechamsms for such typical frame lIuildings.
(111) Compare the ml'a:,urrd response of the model huilding With that predicted by analytical models

dcvclopo.'d from (I) engmeenng apprmimauons, (2) component tests, and (3) an expenmental
lit uSIng a non-linear time history dynamiC analysis.

NOll': ThiS rrport emphasi/.cs the structural hchavior, collapse margins via damage. and efficiency of
predictions using component pmprrues evaluated from tests.

RETROFIT SERIES:

E\'aluation of Seismic Retrotit of RiC Frame Structures

Part I: Experimental Performance ofRetrofitted Subassemblllges
(by D. Choudhuri. J.B. Mander. and A.M. Reinhorn), NCEER-92-0030

(II Prcscntallon 01 retroflttcehntqucs.
(Ii) lurntlly wnstructallilily and hehavlllr of retrofitted components.

(Iii) h!cntlry retrofillCd memocr chamcterisucs for developing analytical models to predict seismic
rcspo.msc 01 the rl'troflttcd modellluilding,

Part II: Experimental Performance and Analytical Study ofRelTofllted Structural Model
(by lM. Bracci. A.M. Reinhorn. and lB. Mander). NCEER-92-(Xl31

(I) An analyliml scismic evaluation 01 retrofitted gravity load designed framc huildings using
\arIOUS local and gilloal rctront tcchniques.

(II) Shakm~ laok testtng 01 one of the proposed rCLrofit tcchniques on the In scale model under
minor. modemte, and scvcre earthquakes.

(1111 Verify a change in formation or the potential collapse mechanism under ultimate load from an
undcsiratllc column,sldesway/sofl-story mechanism loa more desirable beam-sidesway
mcehanism.

(IV) Compare the mcasurcd response oCtile retrofilted model building with thatprodicted by analytical
models dnclllpcd fmm engineering approXimations and componenlleSlS using a non-linear
lime history dynamic analysis.
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5. Compare the measured response of the model building with that predicted by

analytical models developed from engineering approximations or from component

tests using a non-linear time history dynamic analysis. (Seismic Resistance ofRIC

Frame Structures DesiJ(ned only for Gravit)' Loads: Part 11/. Evaluation repon

series. by J.M. Bracci. A.M. Reinhom. and 1.8. Mander)

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

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

Frame Structures: Part II, Retrofit repon series. by J.M Bracci, A.M. Reinhom.

and 1.8. 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 ofSeismic Retrofit ofRIC Frame Structures:

Part II. Retrofit repon series. by lM. Bracci. A.M. Reinhorn. and lB. Mander)

R. Determine the behavior and material propenies of the retrofitted members and

subassemblages of the structure. (EvalULltion of Seismic Retrofit of RIC FrQml!

Structures: Part I. Retrofit repon series, by D. Choudhuri. J.B. Mander, and A.M.

Reinhorn)

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

overall response of the structure near collapse. (Evaluation ofSeismic Retrofit of

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

and A.M. Reinhom)

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

predicted by analytical models developed from engineering approximations or

from component tests using a non-linear time history dynamic analysis.

(Evaluation of Seismic Retrofit of RIC Frame Structures: Part II, Retrofit repon

series. by 1M. Bracci. A.M. Reinhom, and J.B. Mander)

1.3 Background to Presenl Sludy

The ensuing sub-sections provide a brief summary of some of the previously tested retrofit

techniques for RIC structures.

1-6



/.3./ Epoxy Injection Repairs

A foml of repair for RJC members damaged by minor to moderate eanhquakes is the epoxy

repair technilJue. Two suitable techniques for repairing cracks are (i) the epoxy impregnation

and (ii) pressure injection method~. Wolfgmm-French et al. (\990) showed that both methods

can n:ston: member stl ffnesses to about H5% of the original stiffness and the member strengths

can be fully restored to the original strength capacity. It was also shown that both methods can

restore the energy dissipation capdcity and rebar bond strength of the damaged member

specimens.

Allhough hoth of these methods can locally restore the stiffness and strength to members of the

slTlll'lure.the overall structural response still remains the same in event of future strong ground

lI1otions. similar 10 the one that caused the existing damage. Therefore. an upgrade (retrofit)

for seismic proll'ction of the structure can not be accomplished by using the eJX)xy injection

ted1l1iLJlIo to the damuged RIC members.

1.3.2 Sleel Jacketing

Circular and rectangular steel jacketing can be used to increase the flexuml strength. ductility.

and shear capacity of existing vulnerahle columns. Chai et al. (1991) perfonned experimental

cyclic tests on 0.4 scale models of circular bridge columns retrofitted by encasing the critical

hlllge regiolls with a steel jacket and bonded with concrete grout. Experimental verification of

thl' IIlcreased flexural strength. ductility. and energy dissipation was achieved by the additional

l.:onfult:melll from the jacket.

Heres et al. ( 19(2) performed experimental cyclic testing using a stC d jacketing retrofit of full

scale interior and exterior joints with discontinuous bottom beam reinforcement and without a

sbb. The retrofit of the interior joints was directed at preventing pull-out of the bottom beam

n:infon:emenl. The resulting damage was transferred from the embedment zone to elsewhere

in the joint ranel. Whereas the retrofit of the exterior joint was directed at preventing splice

failuTl' In the column, ~palling of the concrete cover of the joint. and pull-out of the bottom

beam n:inforet:menl. The resulting plastic hinge fonned in the joint panel zone near the top of

the beam. The steel jacketing schemes were proposed for zones of moderate seismicity.
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/.3.3 Concrete Jacketing

Concrete jacketing has been widely used in repairing. strengthening, and improving the ductility

capacity of damaged reinforced concrete columns: Ben et al. (1985); Iglesias (1986);

Stoppenhagen and Jirsa (1987); Krause and Wight (1990); and many more. An existing

vulnerable column is encased in a concrete jacket with additionallongitlJdinal and closely spaced

transverse reinforcement (for shear and confinement) to satisfy the required bending moment,

shear force. and ductility demands. Mander et aI. (I 988a and 1988b) showed that substantial

enhancements of compressive strengths can be achieved in heavily loaded columns with

adequate confining steel.

Belt et al. (1985) performed severdl forms ofconcrete jacketing retrofit to short columns. Their

general results were similar to those described above.

Sloppenhagen and Jirsa (1987) constructed a 2/3 scale model of a moment resisting frdme with

deep spandrel beams and short. slender columns. The frame was insufficient for ductility

capacity and for strength under seismic loads. Concrete jacketing was used to increase the

lateral strength capacity and to force the hinging into the beams. Under reversed cyclic loads

up to 1.6% drift: (i) a ductile failure mechanism developed with hinging in the beams and small

damage to the columns; and (ii) the lateral capacity of the retrofitted frame was 5 times greater

than the original.

Krause and Wight (1990) constructed a 2/3 scale model of a 2 story RIC frame with a column

jacketing retrofit. Under quasi-static reversed cyclic loading. the retrofit improved the strength

and ductility of the columns. ductility of the beam-column joints, and hysteretic behavior of the

frame. The energy dissipation capacity was increased and the failure mode was a ductile strong

column - weak beam failure mechanism.

1.4 Concluding Previous Studies on Retrofit Tec~niques

The previous section provides a brief summary of some of the previously tested retrofit

techniques for RIC structures. The appropriate seIsmic retrofit techniques for low-rise gravity

load designed RIC frame structures would need to upgrade the structural strength and ensure

life safety during seismic events. Epoxy repair techniques can not provide the required strength

capacities to properly retrofit structural systems to resist earthquakes. Steeljacketing techniques,

mainly used for increasing the member shear and ductility capacities. can only ptovide some

local strength capacity increases. which may be insufficient for such structures. Deficiencies

associated with the beam-column joints would also need appropriate retrofit considerations and



may generate problems using steel jacketing techniques. Concrete jacketing of columns in a

structural system can be used to adequately increase the member strength capacities and

effectively resist the forces generated by eanhquakes. However constnlctability problems

associated with the tightly spaced added transverse reinforcement may arise.

In this study. a global retrofit of the structural system using an improved concrete jacketing

technique is applied only to selected columns. This method uses post-tensioning of the jacketed

column and is accompanied by a beam-column joint strengthening.

1.5 Scope of Study in this Report

This repon is Pan II of a two part series on the evaluation of seismic retrofit techniques for

reinforced concrete frdmes. In this repon. several local and global retrofit techniques are

proposed for repair and enhanced seismic resistance ofgravity load designed reinforced concrete

frdme structures to ensure life safety during a future seismic event. An analytical seismic

evaluation is performed for each retrofit alternative on the existing damaged model based on

member propenies from engineering approximations. One global retrofit alternative is selected

for the structure based on the analytical seismic perl'onnance and retrofit conslrUctibility. The

retrofitted model was then tested ~n the shaking table under the same moderate and severe

eanhquakes previously perfonned. It is shown the retrofitted model perl'ormed adequately and

was governed by a desirable strong column - weak beam behavior during the shaking.

Analytical modeling is based on integrating the identified member propenies from original and

retrofitted component tests and is used to interpret and predict seismic response of retrofitted

model buildings. An analytical damage evaluation of the retrofitted model is also perl'onned

to assess structural integrity after the induced ground motions in terms of damage states.

The performance evaluation of the se!ected technique is done using the performance of

individually retrofitted components studied in Pan I of this repon series. An analytical study

was done using the information from individual components.

The following outlines the contents in each section of Pan II of Retrofit Report Series (this

repon):

Section 2 summarizes the assessment of seismic damage states for typical RIC frame structures,

followed by a discussion ofthe seismic local membcrdamage versus global failure mechanisms.
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Several local and global retrofit methods forGLD frame structures are presented. An analytical

evaluation of the seismic response of the model with the various global retrofit alternatives is

presented.

Section 3 summarizes the selected retrofit method and shaking table testing schedule for the

model according 10 the analytical evaluation. The initial dynamic characteristicsof the retrofitted

model are also presented and compared with the previously damaged state of the model before

retrofit.

Section 4 details the experimental perfonnance of the retrofitted model during moderate and

severe earthquakes. A corresponding damage evaluation and identification of the ensuing

dynamic characteristics is presented. Analytical modeling, with member behavior developed

from the component tests (from Part I of Retrofit R'~port Series), is used to predict the seismic

response of the retrofitted model. Comparisons with the experimentally measured response are

shown. An analytical quantification of damage from the earthquakes and an elastic analysis to

identify the corresponding equivalent strength ratios from inelastic response are also presented.

Finally. a summary of the maximum story response and dynamic characteristic history of the

retrofitted model from the earthquakes is presented along with the concluding remarks on the

seismic excitation of the retrofitted model.

Section 5 provides a summary ofthe experimental and analytical studies and concluding remarks

concerning seismic retrofit of gravity load designed RIC structures.
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SECTION 2

RETROFIT OF GLD RIC FRAME STRUCTURES

2.1 Introduction

Many gravity load designed (GLD) reinforced concrete frame structures. not specifically

designed to withstand earthquakes. have survived minor. moderate. and severe magnitude

earthquakes (Annenia, Turkey. Loma Prieta, and Mexico City). Their survival is because they

have some inherent strength for resisting lateral forces. However, this inherent strength can not

be regarded as sufficient for resisting all moderate or major type earthquakes, since earthquakes

vary in magnitude, frequen~ycontent. and striking direction. In many areas, however. questions

are repeatedly asked: Should a structure be retrofitted to adequately resist the large seismic

forces of an earthquake? Or is the probability for occurrence of a strong ground motion too

small to warrant retrofitting? The seismic retrofit (upgrade) of an undamaged structure to

adequately absorb the seismic forces of an unexpected future earthquake can poten'ially be an

expensive proposition. In the Eastern United States and other low seismicity zones. it may be

very difficult to convince owners andlor government officials to invest in such retrofit of

structures, except possibly for special structures. To address this dilemn~ll, the study herein

focuses primarily on relatively inexpensive retrofit techniques that can be applied to either

damared or undamaged structures in low to moderate seismicity areas. The same structural

retrofit may also be required to guard against other ha7.ards which produce large lateral loads

such as hurricanes, tornados. and blasts.

2.2 Assessment of Seismic Damage States for RIC Structures

Following an earthquake. an engineering inspection and assessment of damage for most

structures. including buildings, bridges. retaining walls, homes. apartment buildings. etc., may

be reljuired for funher serviceability and for safety to the community. In this study. consideration

will only be given to RIC frame structures and the damage which typically occurs in these

structures from eanhquake forces. The following classifications define damage states and limits

along with a descriptive condition of a structure following an earthquake:
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I;\j mino, damage - "serviuable" condition. For this classification, the e'ltent of

damage to the structure may vary from no damage to slight cracking of the RIC
members and should allow the structure to remair operational. Non-structural

components may also have developed some minor cracking. However, no retrofit

would be required with the exception of some patching (possibly epoxy injection

which is described later) of the minor cracks in the structure.

(b) moderate damage. "repairable" condition. The structure would be in need of

repairs to regain a serviceable condition. The damage would be in the form of

cra~king in both the slfuclUral and non-structural elements. During the repair. the

structure. or part thereof, mayor may not be temporarily closed depending on the

severity and location of the damage. The existing damaged structure must also be

classified as either safe or unsafe from collapse in event of it future strong ground

mOlion (possibly an after-shock). with the later meaning the temporary closure of

the structure until a retrofit can be completed. Obviously. economics would play

a vital role in the decision of whether to repair the existing damage or demolish

the structure and possibly CCl"struct another. Nevertheless for a moderately

damaged state. it is assumed that the retrofit of the structure is possible and more

economically beneficial.

(c) severe damage - "irrepairable" condition. The structure can be regarded as unsafe

and in need of major restorations. Damage would result in the form of widespread

cracking and spalling of the RIC structural and non-structural members. The onset

of the resulting failure mechanism may be evident. The damage would initiate

danger to the occupants of the structure and nearby mdividuals from the possibility

of falling debris and the risk of collapse. Since the costs for repair could be

considerable. the structure may be classified as irrepairable and thereby force

immediate closure and demolition. However. it should be emphasized that such a

damage state is expected fora very strongearthquake, when life safety is the greatest

concern.

(d) partial0'full collapse. Forcompleteness. the final damage state would be visually

obvious and catastrophic. A separation area from the structure may be required



for the safety of the local residents in case of falling debris until total demolition

could be completed. This damage state may well cause loss of life and therefore

should be avoided in new design and retrofit of existing structures.

The previous descriptions categorized the damage states of RIC structures subjected to strong

ground motions as either minor, moderate, severe, or collapse. Herein the retrofit of structures

excited by seismic loads with a moderate (repairable) assessment of structural damage will be

focused, in particular related to the one-third scale three story RIC frame model described in

the preceding sections.

In general after strong shaking, all structures should be thoroughly inspected by an engineer

and if necessary analyzed for the capability of resisting future ground motions. Next if required

and desired, severdl retrofit schemes should be considered and analyzed to repair the induced

structural damage. Since the repair might be very costly, a rigorous retrofit design should be

considered to improve the structural response for any future strong ground motions (although

this may not be a design criterion in low seismicity zones). This design must comply to a target

damage sta Ie. In low se ismici ty areas, the target damage state for design is within the irrepairable

damage state (near collapse, but not collapse).

2.3 Local Member Damage versus Global Failure Mechanisms

Researchers and engineers have gained tremendous knowledge from past earthquakes by

studyi ng the local and global damage of various typical structural members and components of

RIC buildings, especially in moderate seismicity zones where some major earthquakes caused

widespread damage and collapse of non-seismically designed structures (Annenia 1990).

The following discussions are related to the expected damage in RIC structures, not designed

to withstand seismic loadings (GLD structures). Some of the local memMr dtJ"",ge

concentrations (orfailures) that can develop in GLD RIC structures from strong ground motions

are outlined below, along with their impact on the overall (global) structural response.
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(a) Beams:

(i) Flexural failure from steel yielding and concrete crushing, which is desirable in a

global failure mechanism.

(ii) Shear (ailure from beam hinging due to minimal transverse reinforcement. This

corresp<)nds to a loss of moment capacity in the beams which can lead to large

floor displacements under seismic as well as service loading.

(b) Columns:

(i) flexural failure from steel yielding and concrete crushing, which is undesirable

in a global failure mechanism.

(ii) Transverse steel (hoopl fracture or buckline oflhe loneitudjaalsreel in the colwnas

may occur due to inadequate shear and/or confining steel. The inadequate shear

and confining steel results in a lack of member ductility, which can re~u1t in the

development of an undesirable local column failure (hinging).

(iii) Lap soliee failure may occur from critical stress concentrations from lateral loads

in the splice zone (above story slab). This leads to loss of moment resistance and

thus may promote a soft-story mechanism.

(iv) Cover spalline which leads to compression failure and an undesirable column

failure.

(c) Beam-Column Joints:

(i) Pull-QUI of Ihe disconlimwus posiliye beam reinforcement in lhe beam-colwnn

ii2iIl11. from the unexpected positive moments. This localized failure results in an

overall structural stiffness degradation that leads to large story defonnations in

event of future ground motions.

(ii) loinrShearfailwe may occurdue to lack ofor inadequatejoint shear reinforcement

The global consequences are similar to (i).
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(iii) Sliding bondfaUure of the beam reinforcement in the joints from localized crushing

of the concrete due to repeated inelastic cycling.

(i v) SpaWR~ CUll'! CORaele coyer in 1M (Alerior beam column joinls. The spalling of

the concrete cover can lead to a column failure due to depreciating axial load

capacity. The cover spalling may be indicative to the lack of anchorage for bars

within the joint. which result also in a structural stiffness degradation.

In addition to the various local damages, global structural failures or collapse mechanisms

can develop. These are major causes for partial or total collapse of structures. The possible

L>asic collapse mechanisms for RIC structures are shown in Fig. 2-1 and are outlined below:

(a) Column-SjdeswqyISoft-Srory Collapse Mechanjsm

(b) Beam-Sideswqy Co/IqQse Mechani~m

(c) H\'brjd Co/laose Mechanjsm . combination of (a) and (b)

Note that although mixed (hybrid) mechanisms are a possibility. the discussion is continued

only to the basic mechanisms listed above as (a) and (b). For a typical gravity load designed

RIC framed building excited by strong ground motions. laterally induced shear forces develop

in the columns from the inertial loads causing large bending moment demands on the columns.

The gravity load design column moments are relatively small since the beam design moments

on each side of the column face tend to cancel. The columns are essentially constructed with

minimum size and reinforcement. Such non-seismic detailing practice results inherently in a

weak column - strong beam construction. Due to low strength, lack ofmember ductility resulting

from a lack of seismic detailing, and the high degree of seismi(;ally induced bending moment,

local hinging can develop in the columns. Such local column hinging can lead to the undesirable

development of a structural co/umn-sideswaylso!t-slOry (Fig. 2-Ja) collapse mechanism. These

global failure mechanisms are well documented from past earthquakes and result in a brinle

(non-du(;tile) sudden collapse of structures. A beam-sidesway mechanism is ideally the

preferred me(;hanism since energy is dissipated more efficiently by plastic hinges in the beams,

Park and Paulay (J975), and the vertical loads can still be transfer through the undamaged

columns.
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2.4 Concerns and Expecled Seismic Damage ofGLD RIC Frame Structures

Some of the concerns of gravity load designed RIC frame buildings during earthquakes are: (i)

Insufficient strength to stay within a functiunal stage and avoid large inelastic deformations;

(Ii) Danger of severe loss of life due to non-structural damage. such as windows. blocks. ceiling

tiles. etc.. due to large defonnations; and (iii) Small margin of safety against total structural

collapse.

It was shown in a previous repon (Bracci et al.. 1992b) that the columns of the low·rise GLD

RIC frame model building were heavily damaged. ranging from moderate to severe damage

states. from the simulated shaking table ground motions. An inCIpIent

cnlumn-sidesway/soft-story collapse mechanism was evident in the response during the

simulated motions. This type ofdamage is also expected to occur in prototype low-rise buildings

that have similar structural details during severe seismic events. In high-rise buildings where

the columns in the lower stories carry large amounts of gravity loads and are appropriately

designed. a desirdble strong column - weak beam behavior inherently exists. However the

columns in the upper stories of high-rise buildings contain smaller amounts of gravity loads

and can he vulnerahle to weak column - strong beam behavior during seismic activity. as the

behavior in low-rise buildings.

In zones of low to moderate seismicity. the probability of occurrence of a severe eanhquake is

very small. Due to the concerns and expected (or actual) seismic damage in GLD frame

huildings. seismic retrofit should focus on strengthening the columns such that they are stronger

than the beams to enforce a more desimble beam-sidesway mechanism (Fig. 2·1 b) and avoid

the more dangerous soft·story mechanism (Fig. 2·la). This retrofit will force the local damage

from the vulnerahle columns to be distributed into a larger number of beam and slab components

of the structure. Since the beam-sidesway mechanism consists of a large number of hinges in

the beams and only a few at the base columns. the resulting mechanism has a larger safety

margin against collapse due to the larger rotational capability and energy dissipation capacity

of the beam hinges as compared to the columns ina soft-story mechanism. Column strengthening

would also result in a stiffer structure which should imply better control of the story

displacements under the influence of large lateral loads. However. column stiffening may have

an adverse effect on the response. as additional accelerations may result in larger base shear

demands. In such cases. larger shear and moment demands are imposed on individual

components, Therefore the local retrofit should be carefullydesigned and balanced in the overall

(global) structural context.
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2.5 Local and Global Retrofit Methods for GLD RiC Structures

In Section I, severdllocal repair and retrofit (upgrade) technilJues previously petformed and

tested were identified in a literature survey. In this section, severdl local retrofit methods are

proposed along with a summary of the design process. These methods are analyzed and

compared in the context with the three story model structure presented in this study. The

integration of the local retrofit in a structural system is further discussed and the results of testing

one of the solutions is presented in Section 4.

2.5./ Improved Concrete Jacketing

An improved connete jacketing method. shown in Fig. 2-2, is proposed to satisfy some of the

deficiencies of columns integrated in a gravity load designed RiC frame building. This retrofit

technique is outlined below:

I. Encase exisrinR columns in a concrete jacket with additionallonxitudinal and transverse

reinforcement. For the upper columns of the structure where an increased strength is

the main retrofit objective, the increased coluwn size and added reinforcement would

be such that the retrofitted columns have greater moment capacities than the

corresponding adjacent beam (overstrength) capacities. However at the base columns.

the retrofit ohjective is not to increase moment strength but to increase the shear and

ductility capacities. since the foundation is presumed to be relatively weak. Therefore

the reinforcement is not anchored in the foundation to avoid transmission of any

additional stresses to the foundation. Another constructive reason for discontinuing the

added rebars is that plastic hinges should form at the base columns in the desirable

beam-sidesway mechanism (see Fig. 2- Ib). Therefore instead of strengthening these

sections and possibly altering the desirdble mechanism. a hinge can always form at the

base by the discontinuation of these rebars. Proper confinement is necessary to provide

rotational ductility to these hinges. To deter any shear failure in the base columns, the

additional transverse reinforcement should also provide a dependable shear strength for

the most adverse combination of column end moments.

2. Post-tension the lonRitudinal hiRh strength column reinforcement. The required

iongitudinal reinforcement in the column is housed in a sleeve from the mid-height of

the first story to the roof and unbonded to the concrete. Below the mid-height of the

first story. the longitudinal reinforcement is bonded to the concrete for anchorage. The
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longitudinal reinforcement is post-tensioned venically. The bonded reinforcement from

the foundation to the mid-height of the first story (or higher) is to provide the required

anchorage reaction to the applied prestressing force. Post-tensioning the added high

strength reinforcement has the following beneficial aspects on the composite section:

(a) Enhances the shear capacity of the column and beam-column joint zone from the

increased axial load by ensuring the structural behavior is always in the elastic

regime.

(b) Provides an initial strain in the new composite section of existing concrete and

added grout to ensure compatibility of the section.

(c) Provides a compressive pressure on the discontinuous positive beam

reinforcement to deter pull-out.

.1 Provide a rClnj(lrCt'd concrete fillet in the unrein/on'ed heam-column joints for: (a)

enhanced joint shear capacity; and (h) anchoftJxe for the discontinUiJUS beam

rein.forCl'menr. In addition to providing increased joint shear capacity with the concrete

fillet, the negative bending moment capacity of the beams at the column face would also

be increased due to the added compressive width from the confined concrete in the web

of the beam from the fillet. The weak link is therefore forced to the end of the fillet.

Since the development length of the positive beam reinforcement is also increased, the

full positive moment strength of the beam section would be able to develop without

pull-out occurring at the column face. Therefore by ensuring strong column - weak beam

behavior and providing a fillet, the critical beam hinge would be forced away from the

column face to a point near the end of the fillet with moment strengths of the unretrofined

beam section. The dimensions of the fillet are designed from the requ :r~d development

length of the discontinuous beam reinforcement and the designated hinge locations in

the beams.

The relocation of the potential beam plastic hinges from the face of the columns was

studied by Paulay and Bull (1979) and by Park and Milburn (1983). It was suggested

from their studies to move the potential beam hinge the smaller distance of either the

beam height or 500 mm. from the column face. Buchanan (1979) reponed on the

construction of New Zealand's tallest concrete building which uses spandrel beams with

the potential beam hinges moved toward the center of the span. Paulay and Priestley
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(1992) also summarized some of this work. AI-Haddad and Wight (1986) analytically

studied the effects of moving the plastic hinge locations in beams. According to their

conclusions, it is suggested to locate the potential plastic hinges in the beams

apprmdmately one beam depth away from the column face. This enables the joint core

to remain elastic and provides a longer anchorage length for the beam bars.

Application of the above mentioned retrofit procedures to the three story frame model is outlined

below:

Choudhuri et al. (1992) (see Pan I of the Retrofit Repon Series) quasi-statically tested a

retrofitted companion interior sub-assemblage component of the model <column-beam-slab)

using the improved concrete jacket retrofit for the column to determine construction feasibility

and capacity limits of components (see Section I for details). It was observed that the column

stiffnesses, strength". and ductilities were dramatically increased. Severe damage was

transferred to the beams and slab with primarily elastic behavior in the columns. Thus the

desirable beam-sidesway mechanism developed in the sub-assemblage under large lateral cyclic

loads.

Since appropriate column strength. ductility. and a desirable failure mechanism had resulted in

this component test using the concrete jacketing method. a similar retrofit scheme was adopted

in this study. The scheme was selectively applied to columns of the model by increasing the

existing 4 in. square section toa 6 in. square section using the same concrete as in the component

test. Fig. 2-3 shows the details of the improved concrete jacketing technique in a typical

retrofitted column of the model. The added reinforcement consists of high strength 3/8 in.

diameter threadbars (fy = 120 ksi) housed in a plastic sleeve above the bottom half of the first

story and post-tensioned at the root with a total force of about 31 kips (0.7 fpu). The column

section at the foundation has discontinuous added longitudinal reinforcement without

prestressing and is considered as a regular reinforced concrete section.

From manufacturer (Master Builders, Inc.) specifications and tests conducted on the material

during retrofit on 2 in. cubes, it is found that the concrete used in the jacket (Set-45) has

characteristic propenies of low shrinkage, high strength (28-day cylinder strength of about 8.0

ksi), modulus of elasticity of 5.250 ksi. and superior bond adhesion to the e~isting concrete

columns. Since the special high strength concrete provides good bond to the existing concrete

column, the retrofitted section can be idealized as a 6 in. square reinforcement concrete section

with four layers of steel, two existing and two prestressed. For a conservative design. a
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homogeneous concrete strength of s.n ksi is used for idealizing the composite section. Since

initial stresses also exist in the added threadbars from prestressing. the yield strengths are

appropriately adjusted for tensile and compressive strength capacities with a corresponding

prestressing force applied to the section. Under ultimate load. the strains in the post-tensioned

threadbars are assumed to be proportional with the strain profile in the concrete. Fig. 2-4a shows

the interaction diagrams for the section with an applied prestressing force in the added

reinforcement to 70% of the ultimate strength (31 kips lotal) and with the same bars without

prestressing. It should be noted that since the interaction development considers the initial

strains in the concrete and steel from prestressing, the axial load in the interaction diagram refers

to additional axial loads only. It can be observed that the tensile capacities with and without

prestressing are identicaL However the compressive capacity and moment capacity at the

com sponding dead loads for the prestressed section are smaller due to the applied compressive

forces fmm prestressing. Although the effective capacity is somewhat smaller in the prestressed

columns. the additional column andjoint shear capacity. the uniformity ofstrains. and improved

hond of the rehars in th~ joint are important benefits of retrofit.

Fmm the prestressed section in Fig. 2-4a. it can be observed that the moment ~apacity of the

retmfiued section without any axial load is about 110 kip-in. which is precisely the moment

capacity observed in the component test. Choudhuri et al. (1992). Considering prestressing

with the additional axial force from the dead loads (total of about 45 kips), the moment capacity

is determined to be ahout 130 kip-in (for a first story upper interior column). It was shown by

Bracci et al. (1992a and I992b) that a first story interior column had an over-strength capacity

of about 44.0 kip-in. Therefore. the bending moment strength ofretrofiued column is increased

about 2CX)% with the concrete jacketing method. The nominal strength of the retrofitted columns

of a first story interior beam-column joint section is about 59% stronger than the cOl'I'esponding

beams considering slab steel contributions from the full slab width and no pull-out effects (99

kip-in and M kip-in for the negative and positive beam moments, respectively). Due to

disproportionate distributions of moments during higher mode response of frame buildings.

ACI-31 Rrequires a 20% increase in factored design column strength as compared to the design

strength capacity of the beams. This corresponds (0 nominal column strengths of about 71 %

stronger the beam capacities with a strength reduction factor 4Jc =0.7 and 115% stronger if

beam overstrength is considered. Therefore the column retrofit may not be adequate for a new

design. For investigating the adequacy of a minimum retrofit, a lower bound retrofit solution

was considered in this study appropriate for a low seismicity wne.
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The interaction diagram of the base column, with discontinuous longitudinal reinforcement and

a dead load of about 15 kips, is shown in Fig. 2-4b. It is devrloped based on a 6 in. square

section with only the two existing layers of steel. It can be observed that a moment capacity of

the base column is 70 kip-in. In comparison with the unretrofined base column, the bending

moment strength of this retrofitted column is increased about 59%.

Since the columns with the exception of the lower first story columns are retrofined to remain

primarily elastic, the non-seismically detailed beam-column joints must also remain elastic to

avoid an undesimble joint shear failure. The existing interior columns of the model have no

shear reinforcement in the joints. Therefore according to ACI-318 for an axial compression

member, the code' !lased shear capacity of the concrete, Ve • is defined as:

(2.1 )

where N. = Factored axial load nonnal to the cross section

l = specified compressive strength of concrete

b.. = web width

d = distance from extreme compression fiber to centroid of longitudinal tension
reinforcement

Therefore using Eq. (2.1), the unretrofinedjoint shear capacity from the concrete according to

ACI- 318 is 2.6 kips. Since this is expected to be inadequate for retrofit. a concrete fillet is used

with additional joint reinforcement for added shear strength and confinement of the joint. Also

since the development length of the positive reinforcement in the beams is inadequate for

developing the full moment capacity. the concrete fillet can be designed to provide the additional

development length required for this reinforcement.

The design of the fillet stems from basic mechanics. Paulay ( 1989) showed that the required

joint shear reinforcement is equal to the sum of the fon:es from the positive and negative

reinforcing steel in the beams. Fig. 2-5 shows a free body diagram of a column with maximum

stresses in the positive and negative beam reinforcement due to applied shear forces in the

columns. From equilibrium. the shear forces in the column can be solved as follows:

. 1 z~

V = I<C, + T,) - (C. + T.»)· 2+ I(C, + T/) + (C. + T.)J· 2/
c
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(2.2b)

where c" Cj, = internal rebar compression forces, lOP and bollom, respectively

T,. Tj, = internal rebar tension forces. lOp and bollom, respeclively

Zd = Distance between positive (bottom) and negative (top) beam reinforcement

Ie = Distance between story mid-heights

V' = Shear force at mid-height of the top column

V = Shear force at mid-heighl of Ihe bottom column

Note that for symmetrically reinforced beams, V =V'.

The maximum shear force occurring in the joint. V""N' can be described as follows:

(2.3)

The dependable concrete shear slrength. Ve• from ACI-318 for prestressed members is the

smaller of Vc.. and Veo below:

Ve.. =(3.5{i + O.3j~Y,wd

V =06-Jt:b d + V,M"
n . C W M

ma1

but not less than:

for uncracked sections

for cracked sections

(2 -4a)

(2-4b)

(2 -4c)

where V, = factored shear force at section due to externally applied loads occurring
simultaneously with M.....

Mer. M..... = cracking moment and maximum faclored moment al section

fr< = compressive stress in the concrete due to prestressing and applied axial loads

The required joint steel shear capacity in the fillet, V... can be represented in ter'ns of the

maximum joint shear force and the dependable concrete shear strength as follows:
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(2.5)

The required joint steel area in the fillet. A.... can be determined as follows:

(2.6)

where f". :::: transverse hoop yield strength

For the model structure. the internal beam compression and tension forces in the beam are:

T, :::: 3A.f, = C.

T. :::: 2A.f, =C,

(2.7a)

(2.7b)

where A. :::: area of a D4 rebar (0.04 in.2
)

f. = beam steel stress at overstrength, taken as 1.25 f, (1.25·68 ksi =86 ksi)

C. :::: force contribution from concrete and steel for equilibrium

Therefore inserting Eqs. (2.7a) and (2.7b) into Eqs. (2.18) and (2.2b), the column shears can be

represented as follows:

. 5A,/,z~
V=A"+--

J. I,

5A,/,z~
V = - A.{. +--

• I,

(2.8a)

(2.8b)

The maximum shear force which can occur in the beam-column joints of the model is described

as:

5A.J.z~
V...',,,, =SAl. - -/-

e

(2.9)

Therefore the maximum required joint shear capacity is about 15.2 kip (noo: the unretrofitjoint

shear capacity is 2.6 kips). Considering a total axial force of about 45 kips from dead and



prestressing loads and b,., =14 in.• the dependable concrete shear capacity from Eq. (2.4) is 6.2

kips. Therefore using Eqs. (2.5) and (2.6), the required area of the added reinforcement

(unannealed D4 hoops with A, =0.04 in.2 and f, =82 ksi) in the fillet is calculated as: A.h =
0.11 in2 (2.75 legs). Therefore the provided joint reinforcement used for retrofit of the model

is two (4 legs) unannealed 04 rebars fully around the fillet (see Fig. 2-3). A similar interior

joint reinforcement detail was recently presented by Paulay and Priestley (1992) for a

well-detailed joint section.

For the transverse reinforcement for the retrofitted columns, the required spacing of the added

transverse hoops can be determined from AC1-318 as follow:

(2.10)

where d = distance from the outermmt compression fiber to the center of the longitudinal

reinforcement 10 the beam

A'A = area of added hoop reinforcement

f~. = yield strength of the added hoop reinforcement

V. = required shear strength

In the analytical study in the next sub-section, it is shown thaI the base shear capacity for the

model from a shake-down analysis is about 22 kips (about 100% larger than unretrofitted).

Since the moment of inertia of the retrofitted column is about 4 times the unretrofitted columns,

the retrofitted column shear is estimated as 1/5 of total base shear from the ratio of total column

stiffnesses in the model. Therefore from Eq. (2.10) with a column shearing force of 4.4 kips

(1/5 of total base shear) and using gao II black hoop reinforcement (see Bracci et al., 1992a for

properties), the required spacing for the shear reinforcement in the base columns with no

prestressing is obtained as 1.6 in. The provided spacing is 1-1/2 in. (1.5 in.). In the prestressed

section, no shear reinforcement is required.

Some comments can be made about the construction and aesthetic characteristics of the concrete

jacketing techniques:



(a) Drilling holes through the slabs and beams are required for pouring the concrete

IOto the columns and continuity of the longitudinal reinforcement. Construction

process requires fonnwork and is relatively easy, although drilling through the

beam reinforcement should be avoided if possible.

(b) Closure of the structure would only be located in areas of retrofit, provided the

structure has enough reserve strength to resist a near future earthquake. Therefore

each story of the structure, or part thereof, would temp>rarily be closed only when

the retrofit of that story is being worked on.

(c) Small reductions in the clear span widths would result for the retrofitted bay.

(d) Minimal amount of retrofit material. including transverse reinforcement, is

reljuired.

2.5.2 Mtuonry Block Jacketing

Similar to the concrete jacketing method, a masonry block jacketing method can be used for

repairing and strengthening an existing damaged column. Fig. 2-6 shows a detail of a typical

retrofitted column using the masonry jacketing technique. An existing damaged column can

be strengthened by encompassing the existing section with masonry blocks. Some additional

space between the existing concrete column and the new masonry blocks can be filled with

grout and used for additional shear capacity and for addition of confining steel reinforcement

to the existing column.

Additional longitudinal reinforcement, either prestressed or regular reinforcement, is provided

in the jacketed zone extending continuously through the slabs. In this study, a prestressed

reinforced concrete and masonry section is considered. The advantages of prestressing for this

method are: (i) an increased shear capacity in the columns and joints; (ii) an initial umfonn

strain is obtained in the existing concrete and the new masonry blocks (for compatibility and

for counteracting the stress losses from creep in the masonry joints): and (iii) a compressive

pressure on the discontinuous positive beam reinforcement which would deter pull-out.
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Since the lower first story columns are primarily located in the plastic hinge zone for a

beam-sidesway mechanism (see Fig. 2-1 b), lTansverse reinforcement is required in the section

between the masonry blocks and the existing concrete columns for added shear strength and

confinement as shown in Fig. 2-6. A thin wire mesh can be provided in the block layers to

prevent shear cracking in the bed joints and ensure cominuity of the masonry and existing

concrete column section.

For the scaled model structure presented in this study, the existing 4 in. square damaged columns

can be increased to a 9-1/3 in. square section by encompassing the column with the one-third

scale of 6 in. masonry blocks. The strength of both materials, concrete and masonry. are

considered in an interaction diagram (fm' ::;; 1.2 ksi. ( ::;; 4.0 ksi) based on the compression depth

at a particular load. It should he noted that the strength of the composite section will be governed

by the 4uality of the work by the contractor. However. conse",ative estimates of material

strengths arc used for design. The sugge'lted additional longitudinal reinforcement tS .VK in.

diameter threadbars with a yield strength of 120 ksi. Note that the added reinforcement and

tOlal prestressing force (32 kips) used forthe masonry jacketing is identical with the one forthe

suggested concrete jacketing method. Accordingly. the tensile and compressive strengths of

the reinforcement are appropriately adjusted. Under ultimate load. the strains in the prestressed

reinforcement are assumed proponional with the strain profile in the concrete. Fig. 2-7a shows

the interaction diagram for the masonry jacket column retrofit based on the comJXlsite section

of masonry blods and the existing reinforced concrete section with a prestressing force of 32

kips. With the prescribed axial dead loads of 15 kips for a first floor interior column. the

predicted moment strength of the column with a masonry jacket retrofit is about 160 kip-in.

which is about a 250% increase in strength from the original column. The retrofitted column

strengths at a first story interior beam-column joint are about 95% slTonger than the beams

nominal capacity. which is more than required by the ACI-318 for design (71 %). At the base

column with discontinuous longitudinal reinforcement and without prestressing, the moment

capacity can be obse"'ed as lW.O kip-in fmm Fig. 2-7b. which is about an 80% increase in

strength from the original column.

For the beam-column joints. the added thin wire mesh and transverse reinforcement in the block

joints may be designed to adequately resist the shear forces in the joint from seismic loads. If

these shear forces can not be resisted. a concrete fillet with joint reinforcement can be used for

additional shear strength and confinement ofthe joint. similar to the one in the concrete jacketing.
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Since the positive and negative beam reinforcement remain the same, the joint steel design

would be identical to the impmved concrete jacketing method. Thus the same concrete fillet

design for the beam-column joints can be used for the different retrofit methods.

Some construction and aesthetic characteristics of the masonry jacketing method can be

mentioned:

(a) The construction requires drilling of holes through the existing slabs and beams

for pouring the concrete into the columns and fillet (if needed) and for continuity

of longitudinal reinforcement. The construction process is relatively easy.

(b) Since the masonry block themselves are used as fonnwork for the grout, no

additional forrnwork. except for the fillet (if needed). is required for the retmfit.

(c) Access in the structure would be limited only in areas of retmfit. Therefore each

story of the structure should be temf~:>rarily closed when retmfit of that story

columns are being worked on;

(d) The method leads to small reductions of the clear span (5-1/3 in.) for the retmfitted

bay of the m(xiel. This span reduction, quantified above for the model. corresponds

to a 16 in. (1'-4") span reduction of a 18 ft. bay in the prototype building.

2.5.3 Partial Masonry Infill

Masonry and RIC infill walls have been widely tested at universitieslresearch institutions and

constructed in practice for increasing the stiffness and strength of structures to control story

displacements from high wind loads and other natural forces, including seismic loads. Some

ofthese investigators include: Benjamin and Williams (] 958); Stafford Smith and Carter (1 %9);

Esteva (1966); Fiorato. Sozen, and Gamble (1970); Klingner and Dertero (1976); Kahn and

Hanson (1976); Parducci and Mezzi (\980); Priestly (1980); Bertero and Brokken (1983);

Krause and Wight (1990); and many more. Most new low to medium rise construction of RIC

buildings in the Eastern and Central United States have such walls. Infil1 wal1s can also be

constructed to retrofi t an ex isting damaged (or undamaged) RIC building for improved structural

stiffness and strength, thereby reducing story displacements. High shear is placed on the columns

and beam-column joints potentially leading to a premature snap-through failure in an existing

column. An architectural disadvantage of using an infill wall retrofir for an existing building

is the loss of space and access in the building near the wall.
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To maintain an almost full passageway between bays and still enhance the critical column

strengths. another method of' etrofi t can be suggested for low to moderate seismicity zones. A

partial masonry infill wall can be constructed on each side of selected columns of the structure.

Fig. 2-8 shows a detail using partial masonry inftll walls on each side of the column for retrofit.

It can be observed that the partial wall should extend not more than a few blocks from the

e,.;isting column face. The number of blocks required in each partial infill wall may vary based

on the desired column strength. but will be generally governed by the required development

length of the discontinuous positive beam reinforcement. Longitudinal reinforcement in the

masonry walls e,.;tends continuously through the story slabs for continuity of the wall. In this

solution. post-tensioning can also be used to provide the benefits discussed earlier. Since the

lower first story columns are primarily located in the plastic hinge zone for a beam-sidesway

mechanism (see Fig. 2-1 b). adequate transverse reinforcement should be provided in the masonry

joints of this zone to resist the large shear forces from the seismic loads. Continuous transverse

reinforcement should also be provided in the section between the masonry blocks around the

e,.;isting concrete column .. for added shear strength and confinement, as shown in Fig. 2-8.

For the scale model considered in this sfUdy. the existing 4 in. square damaged columns are

strengthened using one-third scale 8 in. masonry blocks. The additional reinforcement is 3/8

in. diameter threadbars with a yield strength of 120 ksi. Note that the total prestressing force

used for the panial infill method is identical as in the other methods. However since the

reinforcement provided is twice the other methods, the prestressing force per bar is only half

of the other methods. Fig. 2-9a shows the interaction diagram for the partial masonry infill

retrofit based on the composite section of one-third scale 8 in. masonry blocks and existing RIC

column with a IOtal prestressed foace of 32 kips. Therefore with the prescribed axial dead loads.

the panial infill retrofitted columns for the first story of the model have a bending moment

strength of450 kip- in. which is about 10 times stronger than of the existing column. The column

strengths at an interior beam-column joint are about five times stronger than the beams. which

is well in excess of that required by the ACI-318. It is imponant to note that the moment

strengths of the retrofined columns assumed adequate transverse reinforcement so that the full

moment strength of the section could be achieved. Also note that the column sections are

intentionally designed to have a high moment \:apacity to force a beam-sidesway mechanism.

At the base column with discontinuous longitudinal reinforcement and without prestressing.

the moment capacity can be observed as 190.0 kip-in from Fig. 2·9b. which is about 330%

stronger than of the existing column. However this may be excessive for the foundation.



To guard against beam-column joint failure. holes can be drilled through the beams and

additional .ransverse reinforcement can be designed for the joint to adequately resists the shear

forces from seismic loads, The masonry blocks can be cut in place to encompass the joint.

Some construction and aesthetic characteristics of the partial masonry infill method can be

mentioned:

(a) The construction require holes cut through the slab for pouring of con,rete grout

and continuity of reinforcement. Construction process is very simple and

cl'onomically beneficial.

(b) No forrnwnrk is required for the retrofit, since the masonry block themselves can

he used as fomlwork for the grout.

Ie) Access in the structure would be limited only in areas of retrofit. Therefore each

story of the structure would temporarily be closed when retrofit of that story

columns are being worked on;

(d) A clear span reduction of 16 in. (1'-4") for the retrofitted model bay, This span

reductions corresponds to a 4!ot in. (4 ft.) span reduction of a 18 ft. bay in the

prnto:ype huilding.

2.5.4 Summary of Design Process

This sub-section summarizes the aforementioned design methodologies developed in Pan I

(Choudhuri et aI., 1992) of the Retrofit Repon Series. Note that in each scenario there is a

parallel set of steps that progress through the design process.

CONVENTIONAL CAPACITY DESI(iN CAPACITY ANALYSIS AND

REDESI(iN

Step I: Longitudinal Beam Reinforcement

0.1 Flexural design of beams:

Beams are desiJl,ned and proportioned for

moments which are a resulr of applyinJl, rhe

mmnent redinribution process to the elastic

design code action-f. Beam plastic hinges are
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R.I Flexural check of beam strength

distribution:

The anchorage of the positive

reinforcement at the beam-column joint

connections should be particularly

considered. If the bottom bars are
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~enerally located at the column face and

adequately detailed for ductility. From the

actual reinforcement provided. the beam

flexural oventrength capacity is assessed.

This is used in beam shearand column strenRth

design.

discontinuous, then a means of providing

dependable positive moment capacity needs

to be devised for enhancing seismic

resistance. A bearn-column joint fillet is a

recommended solution. From the actual

reinforcement provided, the beam flexural

overstrength capacity is assessed. This

should include the full effects of the floor

slab steel on the negative moment capacity.

Step 2: Transverse Beam Reinforcement

D.2 Shear design of beams:

This is achieved hy prnvidinR shear strength

for the entire beam to he greater than the shear

corresponding to the maximum possible

flexural strength at the plastic hinge reRion of

the beam. The underLying premise being that

ineLastic sheardeformations do not provide the

eHential characteristics for energy

dissipation.

R.2 Check of shear strength:

It may not be the intent to bring beam shear

capacity up to code strength for new design.

However, critical regions such as potential

plastic hinge zones and the centers of beams

which may have little or no shear

reinforcement should be assessed for shear

strength and supplementary stirrups

provided, if necessary.

Step 3: Longitudinal Column Reinforcement

D.3 Flexural strength design of columns:

The nominal flexural strength of the columns

is computed by considering the beam

overstrengths. This ensures a weak beam 

strong columnfai/ure mechanism. It shouldbe

mentioned that the beam flexural

overstrengths are determined and then an

additional allowance is made to account for

possible higher-mode structural response.

From the actual longitudinal reinforcement
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R.3 Flexural strength redesign of

columns:

The required flexural strength of the

columns is computed from the assessed

beam overstrengths. The optimum axial

load ratio is computed, which helps size the

column section. The lower story column is

designed as a conventional RIC section. If

the imposed axial load due to gravity for the

upper storycolumns is less than the optimum

amount, prestressing can be applied to the



provided. the flexural capacity iJ a.uessed.

This is used in the next step for column Jhear

deJign.

upper story columns. The cracking surface

for the prestressed columns is ploned on a

column interaction diagram and the reserve

capacity is computed. The ultimate shear to

be resisted by the columns should be

calculated for the transverse reinforcement

design.

Step 4: Transverse Column Reinforcement

D.4 Transverse reinforcement detailing for

the columns:

From the most adverse comhination ofcolumn

end over.nrength moments, Ihe maximum

possihle shear force in the column.{ is

computed. Transverse shear reinforcement is

provided over Ihe entire column height.

Additional shear steel and/or confinement or

anlihuckling steel i.\' Renerally required in the

potential plastic hinge zone.

R.4 Trannerse reinforcement detailing

for the redesigned columns:

For the lower story RIC columns. step D.4

applies for the shear steel design. For the

upper story PSC columns, use the

prestressed concrete code equations to

determine the shear resisted by the concrete.

Generally the intrinsic shear strength of the

compressed concrete would be greater than

the ultimate shear to be resisted. else provide

supplementary transverse shear steel.

Step S: Beam-Column Joint Reinforcement

D.S Detailing of the beam-column joint:

The hearn-column joint is a poor source of

energy dissipation and Ihus needs In he

detailed to resist Iht: high shear inputfrom the

heam and column actions. In this step. the

designershouldallempt to keep the joint elastic

hy reducing. if not eliminating, any inelastic

deformation due to the joint shear forces and

hond deterioration.
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R.S Detailing of the beam-rolumn joint:

Check that there is adequate longitudinal

beam bar anchorage through the joint core.

Since the length of the joint fillet has been

decided in step I ofthe redesign, the designer

should attempt to detail the fillet

reinforcement in this step. The joint may be

considered to behave in an elastic manner

and the shear resisted by the concrete in

elastic joints is computed. If the input shear



forces from the beams and columns exceed

that resisted by the concrete via strut action.

provide the necessary reinforcement.

2.6 Global Retrofit of RIC Structures· Analytical Evaluatioo

The retrofit solutions outlined in the previous sub-sections provide local retrofit measures to

columns. joints. beams. and components. However, the effectiveness of integrating these local

retrofit schemes in a structure is not entirely obvious. Application of cenain retrofit measures

may not be beneficial to the overall performance of the structure. Therefore a global verification

of integrating the local retrofit schemes is performed analytically using IDARC, Kunnath et al,

(1990), with structural parameters described from engineering approximations to obtain an

assessment of the effectiveness of integrating "the pans into the whole".

The objective of the analytical study is to first evaluate the seismic response of the existing

model to anOlher strong ground motion. If the seismic performance is not acceptable. evaluate

the seismic response of the retrofitted model with the proposed concrete jacketing, masonry

jacketing, and panial masonry infill alternatives. The control parameters for selecting the

optimal global retrofit scheme for the model under strong ground motion are: story

displacements <inter-story drifts); base shear demands and capacities; stress demands in

members; and the apparent global collapse mechanism.

2.6.1 Analytical Evaluation of Original (Damaged) Model

It was shown by Bracci et al. (I992b) in Pan III of the Evaluation Retrofit Series that a

considerable amount of inelastic deformation and damage formed in the model during the

moderate and severe ground motions. It was also shown that the analytical modeling using

lDARC adequately predicts the response characteristics obtained in the experimental tests

performed on the model. lDARC. therefore, is used again as an analytical tool to evaluate the

strength of the model to resist another strong ground motion with funher member stiffness

deterioration. Consecutive runs of the moderate (0.20 g), severe (0.30 g), and another future

severe (0.30 g) eanhquakes are used to capture the hysteretic degradation in the model.

Table 2-1 shows the initial first period of the model, the base shear demands and capacities

(from a shakedown analysis at 2% structure drift limit), the inter-story drifts, and the bending
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moment demands and capacities for the beams and columns obtained in the analytical study.

The nominal column to beam strength ratios are also tabulated in Table 2-1. Fig. 2-10 outlines

the calculation of the nominal column to beam strength ratios for an interior and exterior

subassemblage and for a story subframe. The experimental structural response from the previous

shaking table test (TIT_30) are presented along with: (i) the analytically calculated structural

response forthis test; and Oi) the analytically predicted structural response for afuture occurrence

of severe ground motion. For comparative evaluations, the Taft N21 E component, scaled for

a PGA of 0.30 g, is used to simulate the future severe demands. Note that this magnitude may

be excessive for low seismicity zones. However it is considered that a more straight forward

evaluation can be made for an extreme event and then compared with the observed performance.

It can be observed that good agreement exists between the experimental response and the

analytical response for TFf 30 (also see Bracci et aI., 1992b). From the future severe ground

motion analysis, increases in inter-story drifts are observed. which can be attributed to the

softening of the model. The base shear demand is greater than the analytical base shear capacity

from a shakedown analysis based on a 2% drift limit. This will almost ensure severe damage

orcollapse in a future shaking. The bending moments are also increasing. Note that the nominal

column to beam strength ratios for an interior subassemblage and a story are 0.60 and 0.75,

respectively (weak column - strong beam behavior). With increasing story displacements, base

shears. and moments in the members up to full capacities for a future severe ground motion,

further damage would be expected in the model with strong probability of collapse occurring.

If constructed in an 'ea of high seismicity, this structure would be rated unserviceable and

subject to closing.

2.6.2 Analytical Eval·.·atioo with Proposed Retront Methods

Since the model was assessed as a modercltely damaged structure (Bracci et aI., 1992b). repair

and retrofit is required befor.; serviceability could be reinstated. An analytical study of the

suggested local retrofit methods. presented in the previous sub-section. integrated in the model

are presented using IDARC with the Taft N21E PGA 0.30 g ground motions. Since many

members make up the structural system of the model, a few options of retrofitting the members

of the structure existed. With induced seismic excitation, the interior columns would be more

critical than the exterior since larger demand bending moments, shear forces, and axial loads

will develop (Bracci et al., 1992b). EI-Attar et aI. (199lb) observed failure in the first story

interior columns of the 1/8 scale model replica under a very large base motion. Therefore it

was determined to evaluate the global response for retrofitting: (i) only the interior columns;
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and (ii) all the columns foreach bay for both the concrete and masonry jacketing methods. Since

a partial masonry infill wall could not extend beyond the existing exterior facade of the structure,

the stiffening of only the interior columns for each bay is examined.

In addition to the various retrofit techniques for columns, (iii) continuous (full base fixity) and

(iv) discontinuous (partial base fixity) reinforcement is considered in the critical lower fmt

story columns for the concrete jacketing alternative. Note that full fixity may create foundation

problems. Nevertheless. a special connection to the foundation would be required to obtain the

increased bending moment capacity.

Theinitial column stiffnesses used in the analyses are different for the various rettofitlCChniques

and are chosen as 1.0 Ell and 0.7 EI., respectively for the concrete jacketing and masonry retrofit

methods. It was shown by Bracci et al. (I992a) thatthe initial column stiffnesses used in STAAD

to match the first period of the RIC model were 0.565 (EIllDl).. Also to fit the experimental

response, the initial column stiffnesses were aix.'ut 0.60 (E~)•. However since post-tensioning

is applied in the proposed retrofit alternatives, the equivalent member stiffnesses are expected

to be in the range from 0.8 to 1.0 (EIcoI). from the higher axial loads . However since the concrete

used in the jacket has superior bond adhesion to the existing column, the full E" of the section

is used. For the masonry blocks and grout, the bond to the existing column is not as superior

and some cracking may still result. Thus 70% of (EIcoI). is considered appropriate. These initial

member stiffnesses are assumed to be uniform throughout the height of the structure. At the

lower first story columns with the partial base fixity (discontinuous rebus and no prestressing),

the respective equivalent stiffnesses used are 0.5 EI•• 0.5 E". and 0.33 EI•• respectively for the

concrete jacketing. masonry jacketing, and partial infills methods. These lower values reflect

the more cracked nature of these reinforced sections. Paulay and Priestley (1992) suggest ranges

for an effective moment of inertia between 0.7 I. and 0.9 I. for heavily loaded columns and

between 0.5 .. and 0.7 I. for columns with axial loads ofabout 0.2 (A•. Therefore comparable

initial column stiffnesses are approximated for the retrofitted columns.

Since the beams developed only minor damage from the previous shaking, the initial stiffnesses

of the beams are about 0.45 (Elan). in the analytical study. Note that thi~ beam stiffness is

similar to the engineering approximations used for the undamaged building by Bracci et aI

(1992b). Since the exterior columns were moderately damaged from the previous shaking, the
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initial stiffnesses used in the unretrofiued exterior columns are about 0.27 (Elall).. Note ,ilat

this is a reduction of about 30% from the initial propenies used in the experimental fit from the

previous shaking.

for development of the hysteretic rule. a post-cracking stiffness of EV2 is assumed for all retrofit

methods. The yield strengths of the beams and columns arc computed from basic mechanics

principles. Note that the beam moments consider slab steel contributions from the full slab

width. Also note that the exterior beam yielding moment in the positive direction considers the

effect of slip of the discontinuous bottom beam reinforcement (50% reduction in rebar area

based on the prototype ratio of provided and required embedment lengths). However with

retrofit. the interior beam moments consider full moment capacity without the pull-out effect.

The hysteretic properties for the beams and columns in the analytical modeling for all the retrofit

methods are defined based on previous component testing as: (i) 0.3 and 0.8 for the stiffness

degradation factor for the columns and beams, respectively; (ii) 0.1 for the strength degradation

factor; (iii) 1.0 for the target slip factor; (iv) 1.00 for the slip reduction factor; (v) 1.5% and

1.0% for the post-yielding stiffness ratio for the columns and beams. respectively; and (vi) 2%

for the damping ratio.

The plalfonn program !DARC. Kunnath et at. ( 1990), was used to carry out the inelastic analysis

for a severe eanhquake (Taft N21E 0.30 g) based on member behavior developed from

engineering approximations. The global and local response results for the different retrofit

methods are summarized in Table 2-1. The initial first mode periods vary between 0.25 sec.

and 0.36 sec. It can be observed from the spectrum in Fig. 2-11 that this period range is in the

vicinity of major amplifications (mm the Taft N21E ground motions (response spectrum of an

elastic single degree-of-freedom system for 2% and 5% damping). Although the acceleration

amplifications are increased from the added stiffness. a beam-sidesway mechanism. stipulated

in the retrofit design, will transfer damage from the columns tv the more ductile beams. This

can be observed in the redistribution of moment demands versus capacities in the beams and

columns.

The resulting demands in :he beams for all the retrofit methods are well beyond yield. but not

beyond ultimate capacity. Note the large beam moment demands with the retrofit methods as

compared to the analytical beam moment demands of the unretrofitted building. Also note that
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due to the reinforced fillet and added pressure from prestressing, the positive moment capacity

of the beams is stronger and corresponding demands are greater, since the pull-out effect is

eliminated.

For the col umns, the extent of yielding varies depending on the global retrofit scheme applied.

Forthe schemes using the weak base retrofit (weak link to foundation), some moment demands

are slightly above the nominal ultimate capacity (incipient yielding). However, the demands

are well within the dynamic ultimate capacity. Forthe case ofstrong base retrofit, large moment

demands in the lower fiNt story columns are observed, which are well beyond the nominal

ultimate capacity. In a prototype structure, these large moment demands would need to be

reacted by the existing foundation, if it is strong enough. Otherwise the existing foundation

would need to be strengthened.

For the retrofit of the interior columns only, the moments developed in the exterior columns

are well below their ultimate capacity, but some incipient yielding occurs in the third story

columns. However for the retrofit schemes considering stiffening of all columns, the resulting

moment demands in the columns are below yield.

The nominal column to beam strength ratio for the retrofit methods vary between 1.59 and 5.85

for an interior subassemblage. The story strength ratios vary between 1.49 and 4.69. Therefore

strong column - weak beam behavior is enforced by the design.

Fig. 2-12 shows the resulting analytical damage states in the model for the different retrofit

methods after a severe earthquake (Taft N21E with a PGA of 0.3 g). The resulting failure

mechanisms for strengthening all the columns in the model are in the fonn of the classical

beam-sidesway collapse mechanism. Strengthening only the interior columns results in a

beam·sidesway mechanism but with added incipient yielding in some interior (retrofitted) and

exterior columns. However the resulting moments in these members are well below ultimate

capacity and the damage from cracking might be ignored.

It can also be observed from Table 2-1 that all the retrofit methods analyzed provide adequate

control of the inter-story drifts, with the largest inter-story drift being less than the recommended

by NEHRP (1991). The concrete jacketing of all the columns with the weak base criteria

provides the best control of the inter-story drifts for the base motions. The base shear demands

are also less than the ultimate capacities detennincd from a shake-down analysis in all cases.
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Note that the greater margin between the base shear demands and capacities for the weak base

retrofit as compared to the strong base retrofit. Without retrofit, the base shear demand is either

equal to or greater than the capacities.

2.7 Summary Discussions

Three globalllocal alternatives were suggested for rettofit ofRIC frame structures: (i) improved

concrete jacketing; (ii) masonryjacketing; and (iii) partial masonry infill. These three techniques

were evaluated analytically in global context on the damaged three story RIC model for: (a)

retrofitting only the interior columns; (b) retrofitting all columns; (c) partial base fixity

(discontinuous added reinforcement at foundation); and (d) full base fixity (continuous added

reinforcement into foundation). To ensure an elastic beam-column joint behavior. a reinforced

concrete fillet was also provided in the rettofitted joints. Post-tensioning of the added

longitudinal reinforcement was proposed to increase the shear strength and thus avoid additional

transverse reinforcement to improve the conslJUctability of the rettofit. The post-tensioning

also provides an initial uniform strain on the composite section and a compressive pressure on

the discontinuous positive beam reinforcement to deter pull-out.

From the analytical evaluation, it was found that:

(I) Stiffening of the structure causes a shift in natural frequency which is in the vicinity

ofmajor acceleration amplifications for the Taft N21 E accelerograrn. An increased

base shear demand develops.

(2) A beam-sidesway mechanism after retrofit replaces the column-sidesway collapse

mechanism as obtained in the original structure. However some combination

mechanisms and incipient member yielding can also be observed from the resulting

damage states.

(3) Moment demands in the beams are well beyond yield. but not beyond capacity.

An increased positive moment capacity is achieved with the concrete fillet and

panly by prestressing, which deters pull-out.

(4) Some incipient yielding in the columns occur for the weak base retrofit. For the

full base fixity retrofit, large yielding moments develop in the base columns. These

large moments can create foundation problems.
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(5) Adequate control according to NEHRP (1991) of the inter-story drifts is obtained

hy the various methods.

(6) The base shear demands are less than the ultimate capacities determined from a

psuedo-static shakedown analysis based on a 2% drift limit and the margin between

demand and capacity is slightly expanded.
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SECTION 3

EXPERIMENTAL STUDY OF RETROFITTED RIC MODEL

3.1 Introduction

In Section 2, the local and global seismic concerns for and expected damage in typical GLD

RIC frame buildings were discussed and verified in a previous experimental study (Bracci et

al., 1992b). Based on these concerns and the expected damage for such buildings and the

previous experim..:ntal damage, three seismic retrofit methods were suggested and analytically

verified for [he 1:3 scale RIC frame model building.

In this section, one of the suggested retrofit techniques is selected to repair and upgrade the 1:3

scale GLD RIC frame model building for an additional experimental shaking table study. Retrofit

construction is described and performed on the model. The shaking table testing program for

[he retrofitted model, along with induced base motions, is presented. The initial dynamic

characteristics of the retrofitted model are also identified from an experimental white noise

shaking table excitation.

3.2 Selection of Retrofit Method for Experimental Study

It was previously shown that several of the chosen retrofit methods provide adequate control

of the story drifts, shears, and damage of the structural system in event of a future strong ground

motion. For a prototype structure, the selected retrofit technique would obviously depend on

a number of factors such as: costs; amount of time the building (or sections) would remain

closed; and the design earthquake wne, etc. However, for the model. other factors had to be

considered for determining the retrofit method: the availability of scaled retrofit material

(masonry blocks); maintaining proper instrumentation of the model for the experiment (ie.

custom made load cells); and construction equipment required for retrofit.

In view of the above considerations, the improved concrete jacketing alternative of the critical

interior columns was se leeted to retrofit the model structure. Although the retrofit ofall columns

was shown to provide somewhat better control of the inter-story drifts. a minimal retrofit of

only the interiorcolumns provides adequate seismic perfonnance, especially for low to moderate
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seismIcity zones. It was previously shown that the global structural response is adequately

controlled with the discontinued reinforcement at the base. To avoid any additional foundation

loading, the added reinforcement in the jacketed zone is intentionally discontinued at the rigid

base. Fig. 3-1 shows some of the construction stages in the rettofit of the model. The amount

ofwork and structural disturbance is minimal. The completed rettofitted model with the required

additional weights for mass similitude are shown on the shaking table in Fig. 3-1c.

3.3 Testing Schedule of Retrofitted Model

Table 3-1 shows the shaking table testing program for the retrofitted model structure. For

comparison purposes, the two ground mmions are selected using the Taft N21E accelerogram

scaled to n.20 g and (UO g. respectively in order to simulate moderate and severe earthquakes.

A series of compensated white noise excitations are used before and after every earthquake test

for the identification of prevailing dynamic characteristics.

TABLE 3-1 Shaking Table Testing Sequence for the Retrofitted Model

Test # Date Test Label Test Description Purpose

1 1/2'1./92 WHNR_B Compensated White Noise. Identification

PGAO.024g

2 1/29/92 WHNR_C Compensated White Noise. Identification

PGAO.024g

3 1/29/92 TFTR_20 Taft N21E. Moderate Eanhquake,

PGAO.20g Inelastic Response

4 1/29/92 WHNR_D Compensated White Noise, Identification

PGA 0.024 g

5 1/29/92 TFTR_30 Taft N21E. Severe Eanhquake.

PGAO.30g Inelastic Response

6 1/29/92 WHNR_E Compensated White Noise, Identification

PGAO.024g
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3.4 Dynamic Characteristics of Retrofitted Model· Before Earthquake Shaking

Following the complete retrofit construction and loading of the required weights for mass

similitude, a compensated white noise shaking table excitation, WHNR_B, was used for

identification of the initial dynamic characteristics of the retmfitted model. The resulting

smoothed transfer functions for each floor of the model are shown in Fig. 3-2. The natural

frequencies, modal shapes. participation factors. and equivalent viscous damping factors after

retrofit (before earthquake shaking) are calculated and tabulated in Table 3-2. It can be observed

from comparison to the propenies of the original structure that the modal frequencies increase

approximately 130%, 150%, and 210%, respectively due to the retmfit. Variations in the modal

shapes can be detected before (WHN_F) and after (WHNR_B) retrofit, while the participation

factors remain primarily constant. The additional stiffness in the interior columns that change

the structural system can be held accountable for these changes. It is also worth noting that

SOll1t: characteristics of non-linear/inelastic response are observed in the transfer functions from

the multiplicity of frequency peaks near the main/natural modes of vibration. This non-linear

response is primarily attributed to the cracked behavior of the structure, particularly the

unretrofitted members.

A large change can be observed in comparing the equivalent viscous damping factors before

and after retrofit from Table 3-2. The unretrofitted model experienced large inelastic

deformations and had considerdble contributions from hysteretic damping during the shaking

table tests. Since the retrofit stiffened and repaired the damage to the critical interior columns

of the model, the contributions from hysteretic behavior to the "equivalent viscous damping"

are significantly reduced. However, the viscous damping is not a suitable model for the energy

dissipation and therefore, the equivalent ratios are not used in analysis.

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

shown in Table 3-2 along with the corresponding story stiffnesses. It can be observed that the

sum of the diagonal terms of the stiffness matrix is increased by about 800% after retrofit. Story

stiffness increases of 440%, 1140%, and 860%, respectively for the first, second, and third

stories have resulted after retrofit. The different stiffness change of the first story compared to

the changes in the second and thinl stories is due to the discontinuity of the added rebars into

the base and lack of prestressing in the lower first story columns. Also note that the stiffness

change of the first floor correlates to the change in first mode natural frequency as follows:
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where Ir = first mode natural frequency from WHNR_B (after retrofit)

Ii = first mode natural frequency from WHN_F (before retrofit)

k. = first story stiffness from WHNR_B

k, = first story stiffness from WHN_F

(3.1 )

Fig. 3-3 shows the story shear versus inter-story drift histories for WHNR_B. Itcan be observed

that loops occur in these histories mostly due to the equivalent damping present in the structure.

The initial stiffnesses for small amplitude displacements are tabulated in Table 3-3 and

correspond to increases of about 300%.600%. and 600%. respectively after retrofit as compared

to WHN_F.

At the conclusion of white noise excitation WHNR_B. the table was set down for the day

(]128192). The next day (1129/92). the table was again lifted and another white noise excitation.

WHNR_C. was performed for identification of the dynamic characteristics of the model. Fig

3-4 shows the smoothed story transfer functions. 1be natural frequencies. modal shapes. modal

panicipation factors, and equivalent viscous damping factors are calculated and tabulated in

Table 3-4. It can be observed that the natural frequencies are reduced by 5.0%.2.] til, and 0.3%.

respectively from the induced white noise shaking table excitation and/or the lowering and

lifting of the shaking table. Although it is considered that this reduction is minor. Comparable

modal shapes and panicipation factors can be observed between WHNR_B and WHNR_C. A

variation can be observed in comparing the first mode damping factors of WHNR_B and

WHNR_Cfrom Table 3-4. which indicates theoccunence ofsome non-linear CflI/;:king behavior

in the model due to the white noise excitation.

The updated stiffness matrix and story stiffnesses of the model. using the dynamic characteristics

of WHNR_C. is shown in Table 3-4. It can be observed that the sum of the diagonal terms of

the stiffness matrilt is reduced by 1.6% and a 18.8% story stiffness degradation occurs to the

first story due to the movement of the model during the white noise excitation tests and during

the lowering and lifting of the shaking table to operating positions.
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Fig. 3-5 shows the story shear versus inter-story drift histories for WHNR_C. From Table 3-5,

the initial stiffnesses for small amplitude displacements are comparable with the stiffnesses

from WHNR_B (Fig. 3-3), but slightly softened.

Therefore it is concluded that the lowering and lifting process and/or the input white noise

shaking table excitation inflicts some minor softening to the retrofitted model structure, but is

considered insignificant for the strong base motion testing.
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TABLE ~-2 Dynamic Propenies and Stiffness Matrill before and after Retrofit

WHN_F (before retrofit) WHNR~B (after retrofi!)

Natural
[120] (278 ]

Frequencii.: s f, = 3.76 f, = 9.38

(Hz.) 5.27 16.75

Modal
[ US) -0.&6 -0.46] [LOO -0.86 -051]

Shapes CI>'J = 0.75 O.M 1.00 CI>'J = 0.79 0.48 1.00

0.33 1.00 -0.94 0.42 1.00 -0.89

Modal [ 04.1 ] [ 044 ]Panicipation r, = 0.14 r, = 0.12

Factors -n.07 -0.07

Damping

rO] (30]Ratios ~, = 2.3 c;, = 1.9

(%) 1.& 1.3

Stiffness [nJ -24.& 07 ] [ 205.2 -238.6 716 ]
Matrix K'J = -24.X 45.6 -22.4 K'f =: - 238.6 421.4 -278.2

(kip/in) 0.7 - 22.4 51.0 71.6 -278.2 432.7

Story [24.8] r38
.
6
]Stiffnesses k, =: 22.4 k, = 278.2

(kip/in) 28.6 154.5

TABLE 3·~ Low Amplilude Initial Stiffnesses from the Shear versus InteJ:-.S.tory Drift

Histories

Story WHN_F WHNR_B

(kip/in) (kip/in)

Third 14.3 100.0

Second 14.3 100.0

First 27.8 113.2
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TABLE 3-4 Dynamic Propenies and Stiffness Matrix of the Retrofitted Structure from

WHNR_B and WHNR_C

WHNR_B WHNR_C

Natural
[ 278 ] [264 ]Frequencies f, = 9.38 f,::;; 9.18

(Hz.) 16.75 16.70

Modal
[ ilK] -0.86 -(].51 ] [LOO -0.86 -049]

Shapes (f),! = 0.79 0,48 IJX) cl>1J::;; 0.79 0.45 1.00
0.42 1.00 -0.89 0.44 1.00 -0.83

Modal
[ 044 ] [ 044 ]Panicipation r, = 0.12 r, = 0.11

Factors -0.07 -0.07

Damping [J'O] [ 4.7]Ratios ~. = 1.9 l;.::;; 1.8

(%) 1..~ 1.6

Stiffness [ 2115.2 - 238.6 IL6 ] [ 198.9 -238.2 ~2 ]
Matrix K,!::;; -238.6 421.4 -278.2 K.

J
::;; - 238.2 438.5 -279.1

(kiplin) 71.6 - 278.2 432.7 65.2 - 279.1 404.6

Story
[23H6] r

2J82
]Stiffnesses k ::;; 278.2 k.::;; 279.1

(kiplin) .' 154.5 \ 125.5

TABLE 3-'; Low Amplilude Initial StiiTllelllleS icolll the Shear versus Inter-Story Urift

Histories

Story WHNR_B WHNR_C

(kip/in) (kiplin)

Third HX>.O 96.8

Second 100.0 96.8

First 113.2 109.1
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3.5 Summary Discu.~ons

The retrofit method selected for the damaged model is the improved concrete jacketing of the

interior columns with a weak base retrofit. This retrofit technique: (i) provides satisfactory

control of response from seismic forces; (ii) is easy and inexpensive to construct; (iii) requires

minimal material that is readily available; and (iv) is a feasible retrofit for the model bu;!ding.

From the white noise excitation of the retrofitted model, the dynamic properties indicate:

(1) Story stiffness increases of about 440%, 1140%. and 860%. respectively for the

first, second. and third floors, as expected. This corresponds to increases in natural

frequencies ofabout 130%. 150%, and 210%, respectively for the first three modes

of vibration.

(2) A decrease in equivalent viscous damping from smaller contributions of hysteretic

damping after retrofit. This decrease is attributed to the effect ofprestressing which

ensures the columns behave in an uncracked linear-elastic state.

The testing of the retrofitted model under simulated earthquakes is planned to verify:

( I) A change in formation of the potential collapse mechanism under ultimate load

from an undesirable column-~idesway/soft-story mechanism to a more desirable

Ixam-sidesway mechanism.

(2) A reduction of inter-story drifts due to additional stiffening.

(3) A reduction in the expected damage states due to strengthening of the columns

(4) The use of post-tensioning, to avoid placement of transverse shear steel. leads to

a satisfactory structural performance and joint behavior.

(5) ConstrUctability and economical aspects.
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SECTION 4

PERFORMANCE OF RETROFITTED RiC MODEL DURING

EARTHQUAKES

4.1 Introdudion

In Sections 2 and 3, an improved concrete jacketing method was proposed and analyzed for

retrofit of the one-third scale three story RIC frame model building. The retrofitted model was

tested according to the schedule in Table 3-1.

A moderate base motion, the Taft N21 E accelerogram with the peak ground acceleration (PGA)

scaled to 0.20 g, was first used to examine the structural response, the damage evaluation, and

the identification of the ensuing dynamic characteristics of the retrofitted model.

A more severe shaking was subsequently used (Taft N21 E accelerogram with the PGA scaled

to 0.30 g). Likewise. the response results, the damage evaluation, and the ensuing dynamic

characteristics of the retrofitted model are presented.

A comparison of the above test results with those from the unretrofitted system is presented in

this section.

Member behavior parameters are derived from component tests and used to analytically predict

the story response during induced base motions. Damage quantifications are obtained

analytically for the retrofine1 structure for the moderate and severe eanhquakes. An elastic

analysis is performed for identification of equivalent strength ratios to the inelastic response.

4.2 Response to Moderate Earthquake

A moderate earthquake, the Taft N21E accelerogram scaled for a PGA of 0.20 g, was used to

e"cite the retrofitted model (herein referred to as TFTR_20). Figs. 4-la and 4-lb show the

desired and achieved lateral shaking table acceleration motions for TFfR_20. Fig. 4-lc shows

a shoTt segment of the desired and achieved shaking table motions. Initially the desired and

achieved motions are similar. However after II seconds, the table became erratically unstable

causing high frequency accelerations. The eJ(citation gain of the shaking table was immediately
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loweredand thereafter the achieved acceleration history shows good agreement with the desired.

The instability in the shaking table performance is attributed to some torsional-rocking resonance

created by the uneven distribution of damage in the model.

Figs. 4-2a and 4-2b show the vertical table acceleration on the north and south sides of the table.

It can be observed that the vertical accelerations are controlled (maintained to zero) except

during the table instability The peak vertical acceleration of the table is 0.87 g. which is quite

considerable and is closely examinoo for the effect on the resulting structural response. The

vertical response on each side ofthe table are in-phase. thus implying that the table is uniformly

accelerating in the vertical direction. Fig. 4-2c shows the Fourier Transform of the north side

vertical table acceleration history. Some frequencies between 10.0 Hz. and 12.0 Hz. and also

between 20.0 Hz. and 25.0 Hz. are excited. A point of interest is that the natural frequency of

the shaking table with the mass of the structure is in the range of 20.0 Hz. to 25.0 Hz.• which

explains some of the resonant response.

Fig. 4-3 shows the east and west lateral base acceleration histories along with the corresponding

phase angle. Out-of-phase motions can be observed ncar frequencies of 10.0 Hz. to 12.0 Hz.

and higher frequencies, which indicates that the shaking table is yawing (or twisting). Since

the response is governed by the first and second modes of vibration, the influence of this

out-of-phase input motion is negligible. Fig. 4-4 shows the induced transverse shear forces in

the interior and exterior first story east frame columns for table motion TFfR_20. It can be

observed from the exteriorcolumns that the transverse shear forces are completely out-of-phase,

which implies the building is experiencing torsion. The shear force amplitudes continually

increase until the table became unstable. Thereafter the shear forces again can be observed to

be out-of-phase. Also a point to note is that the shear forces of interior columns have drifts in

the signal at about 3 seconds and then stabilize. This can possibly imply yielding of the load

cells and is funher examined individually for each load cell in Section 4.2.2.

Therefore it is concluded that the torsional response in the structure due to an uneven distribution

of damage was driving the shaking table in a yawing motion during the moderate earthquake

and the table control system was not able to control this torsional motion. However the input

torsional effects are still minor with respect to the lateral and the overall response is not

excessively affected from the instability. To develop meaningful conclusions for the lateral

direction. the torsional effects in the building respon' are filtered through an averaging

technique as presented in the next section.
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4.2.1 Global Response

Fig. 4-5 shows the average story displacement time histories of the east and west sides of the

model during moderate eanhquake, test TFfR_20. Note that the story displacement hislOries

on the east and west sides of the model are comparable but slightly out-of-phase. The variations

of recorded displacements between the east and west frdmes were within 1%. Fig. 4-6 shows

the story shear force time histories identified from the load cells in the first and second story

columns and the third story level accelerometers. It can be observed that minor signal drifts of

the first and second story shear forces have occurred, which possibly occurs due to some yielding

in the load cells. Figs. 4-7a and 4·7b show a magnified overlayed ponion of the story

displacements and shear forces. respectively. It can be observed that the story displacements

and shear forces are moving in phase. Figs. 4-Ma and 4-Mb show the story displacements, shear

forces. and story loads when the maximum first story drifts occurs. The shape of the magnitudes

of the story displacements and shears at this point in time resembles the shape caused by the

first mode of vibration of the model. Therefore it is concluded that the structural response of

the retrofitted huilding for the moderate earthquake is governed by the first mode of vibration.

Tahh: 4-1 summarizes the maximum results for story displacements, inter-story drifts. story

shear forces. story I .Ids. anu peak story accelerations for each floor of the model for TFI'R _20.

It can be observed that the maximum inter-story drifts are 1.37%.0.80% and 0.33% of the story

height. respectively for the first, second and third stories. The maximum inter-story drifts for

the unretrofitted b'Jilding tested by the same moderate eanhquake were 1.33%. 1.07%. and

054% of the story height, respectively (Bracci et al.. 1992b). Therefore the retrofit did not

influence the first story drifts. but reduced the second and thinJ story drifts. It will be shown

later that the large first story drift of the retrofitted model is a result of the formation of plastic

hinges in the lower first story columns and in the first story interior beams. It should be noted

that the large first story drift was not predicted in the analytical modeling developed in Section

2. The explanations for this deviation are discussed in Section 4.6. The maximum measured

base shear force for the retrofitted model (20.6 kips) is 25.0% of the total structural weight W.

whereas the base shear for the unretrofitted model was 15.2% W. Also note in Table 4-1 that

there are story acceleration amplifications of 18.2%. 50J>%, and 72.7%. respectively for the

first. second. and thinJ stories of the retrofitted building. as compared to the little amplification

in the unretrofitted building.
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TABLE 4-1 Maximum Response for Moderate Eanhquake TFTR_20

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

Displacement Story Drift Shear Load Acceleration

(in.) (percent) (kips) (kips) (g)

Third 1.18 0.33 10.7 10.7 0.38

Second 1.03 0.80 16.2 9.9 0.33

First 0.66 1.37 20.6 (25.0%W) 8.1 0.26

Fig. 4-9 shows the story shear force versus inter-story drift histories for each floor of the model

for test TFTR_20. along with the initial low amplitude story stiffnesses from the previous white

noise excitation (WHNR_C). The secondary stiffnesses are also identified for TFTR_20 as

30.2 k.ip/in for each floor and are compared with the achieved secondary stiffness from the

severe shak.ing to detect any changes due to continued inelastic deformations and strength

deteriomtion in the members of that story. Note that since the third story is primarily governed

by elastic response, the secondary stiffness is assumed identical to the first and second stories.

It can be observed that considerable inelastic behavior and corresponding stiffness reductions

primarily develop on the first and second stories during the moderate earthquake. TFTR_20.

The location of member damage can not be distinguished. however its identification is discussed

later 10 this section.

Fig. 4-1 Oa shows the time history of the energy balance for the model during TFrR_20. The

total input energy into the model is about 40.0 kip-in. which is 66.7% larger than in the original

building for the same motion (TFT_20). The increase in the input energy is a result of the

stiffening of the structure from the retrofit. Fig. 4-lOb shows the hysteretic and viscous damped

energies of each floor of the model as 25.5 kip-in. 15.0. kip-in, and 1.5 kip-in, respectively.

This corresponds to percentage ratios of 60.8% : 35.6% : 3.6% of the total, respectively for the

first, second. and third stories. In comparison to the original building for the moderate shaking,

the percentage ratio of hysteretic and viscous damped energies were 53.2% : 33.2% : 13.6%,

respectively. It can be observed that a slightly larger amount of energy is dissipated by the first

floor in the retrofitted model. It is interesting to note that the total hysteretic and viscous damped
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energies do not exactly equate to that of the input energy. This is a result of the presence of

torsion in the structure and of using average story displacements, velocities, and accelerations

for the energy balance.

4.2.2 Local Response

Fig. 4-11 shows the induced lateral shear forces in the interior and exterior fust story columns

(base shear) for the moderate shaking (TfTR_20). For local member designations see Bracci

et al. (1992a). It can be observed that the shear forces in the interior columns arc approximately

five times larger than the exterior columns. which correlates to the ratio of the moments of

inertia. Note that both the interior and exterior columns attract higher shear forces when the

axial force increases. The shear force signal in column '3 at the end of the motion has an offset.

Since the load cells are designed for a shear force capacity of 5 kips, yielding of this load cell

may have occurred due to shear force demands near or larger than 5 kips. Also since columns

Ill. 112, and 114 havL no drift in the shear force signals, the drift in the total story shear signal

from Fig. 4-6 is a direct result of the signal drift in column '3.

Fig. 4-12 shows the bending moment versus axial load interaction diagrams for the columns of

the first and second stories at the beam or slab interfaces. The development of the nominal

ultimate surface is presented by Bracci et al. (19921). The predicted dynamic ultimate surface

is developed based on a 30% material strength increase due to strain rate effects and strain

hardening of the reinforcement. The surfaces developed for the lower first story columns arc

based on a 6" square section with the two existing steel layers, since the added reinforcement

is discontinued at the base. The surfaces developed for the exterior columns are presented by

Bracci et aI. (19921). It can be observed that the bending moment versus axial load history in

the columns remain within the nominal ultimate bounds for all columns except that of the lower

first story columns. However, note that the lower first story columns are designed as a primary

hinge location for the beam-sidesway failure mechanism. Since the retrofit includes transverse

hoop steel in the lower first story columns for enhanced shear strength and ductility, thes:

retrofitted columns are in no danger of shear failure. Also note: that the interaction history of

the unretrofitted exterior columns remain within ultimate bounds. Therefore the retrofit of the

interior columns is successful in transferring the induced damage from the vulnerable columns

to more safer places in the structure. Also note the greater margin between the seismic loads

and the column capacities in the retrofitted columns as compared to the unretrofitted. The
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waviness in the interaction histories is a direct result of the table instability. Since the table was

accelerating in the vertical direction, additional axial forces are developed in the columns

creating distortion in the interaction diagram.

Fig. 4-13a and 4-13b show the first story beam bending moment time histories in the south and

north sides of the model at the face of the added joint reinforcement in the fillet along with the

ultimate moment surfaces. The development of the ultimate surfaces for the beams considers:

(i) the slab reinforcement within the flange width from the ACI-318 (18 in.); and (ii) the slab

steel within the full slab width (60 in.). Also the positive ultimate moment (plotted on the

negative side) considers tensile conrributions from the slab steel, the top reinforcement. and the

partially unbonded reinforcement from pull-out of the discontinuous bottom longitudinal

reinforcement. However, note that the renofit of the interior columns provides additional bond

and prestressing pressure from the added longitudinal reinforcement to avoid pull-out of these

bars. Therefore this surface is only representative for the exterior beams. For the interior beams,

both positive nominal ultimate surfaces considering the ACI-318 slab width and the full slab

width arc representative. It can be observed that the moment demands in the interior beams

exceed nominal ullimate: bounds, which consider slab steel contributions from the ACI-318

specified slab width and the full slab, in the negative direction. For the positive direction, the

measured moments exceed the capacity based on the ACI·318 slab width and are within the

capacity based on the full slab width. However, failure does not occur since: the moments remain

well within the predicted dynamic ullimate surface. Therefore, hinging has developed in the

interior beam members of the first story. Also, it is important to note from the measured beam

moments that the slab steel from the full slab width contributes to the beam moment capacities.

The exterior beam moments remain within the nominal ultimate surfaces and the partially

unbonded positive moment surface (since these members were not retrofitted).

The bending moment diagrams for the model are shown in Fig. 4·14 when the first story drift

was maximum in each direction, along with the corresponding story displacements. It can be

observed that yielding moments have developed in the lower first story columns and in tl\e

interior beams of the first floor. However, note that the demands in the exterior beams and

possibly the beam moments of the second and third floors are less than capacity. Thus the

complete beam-sidesway collapse mechanism has not developed (evident from the test).
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The visually observed cracking and measured damage states of the retrofitted model due to the

moderate earthquake TFfR_20 arc shown in Fig. 4-1 S. The following points highlight the

observed structural damage:

(3) cracking occurred in the lower first story interior columns;

(b) cracking occurred in the beams of the first and second stories near the end of the

fillet;

(c) slab cracks were observed along the end of the added fillet primarily throughout

the slab width;

(d) additional cracks in the web of the longitudinal beams;

(e) torsional cracks in the south-west transverse beam.

Note that the visual damage and that established by testing do not always correspond, except

for the very strongly damaged and worked hinges.

4.3 Dynamic Properties after Modente Shaking

The dynamic properties of the retrofitted model after the moderate earthquake (TFfR_20) are

determined from the white noise excitation labeled as WHNR_D. Since torsion is present in

the structure during TFfR_20, the following identifICations compare both characteristics of the

east and west fretmes of the Il'IOdeI. Figs. 4-100 and 4-16b show the smoothed story transfer

functions for the east and west frames of the model, respectively. From the transfer functions,

the natural frequencies of the east frame are identified as 1.98 Hz., 8.11 Hz., and IS.33 Hz. and

are tabulated in Table 4-2. It can be observed that the natural frequencies of the east frame are

reduced by 25.0%, 11.7%, and 8.0%, respectively due to the moderate eanhquake. Since a

larger reductions in natural frequency occur in the fmt mode, the table motion largely excites

only the first mode of vibration of the model (as was observed in the tests). The modal shapes

and participation factors are identified from the story transfer functions and compare with the

results before shaking (WHNR_C). Likewise the natural frequencies of the west frame are

identifaedas 1.93 Hz., 7.98 Hz., and 15.48 Hz. and shown in Table 4-3 for comparison with the

east frame. It can be observed that the first mode natural frequency of the west frame suffers

slightly more deterioration than the east frame. The modal shapes and panicipation factors of

the west frame are comParable with the east frame.



Fig. 4-17 shows the phase angle between the lhird floor accelerometers on the east and west

frames of the model for WHNR_D. Il can be observed that the east and west frames are about

20° out-of-phase near the first mode natural frequency, which implies torsion in the model

during WHNR_D.

The equivalent viscous damping factors of the east frame are dctliOrmined from the half-power

method as 6.6%, 2.6%, and 1.4%, respectively. The damping factors of the west frame are

8.1 %,2.8%, and 0.8%, respectively. Again since the model experienced inelastic dc:fonnations

for test TFfR_20, larger damping factors developed due to contributions from hysteretic

damping in comparison with the damping factors before shak.ing (WHNR_C). Since: the west

frame was previously shown to have suffered more damage, a larger damping factor develops

in the west frame.

The updated stiffness matrix of the model, developed from the dynamic characteristics of the

east frame from WHNR_D, is shown in Table 4-2. It can be observed that the sum of the

diagonal tenns of the stiffness matrix from the east frame is reduced by 17.7% after the moderate

earthquake or a total of 19.0% from the untested reuufitted model (WHNR_B). Story stiffness

reductions of 29.1 %, 17.8%, and 8.4%, respectively for the first, second, and third stories of

the east frame, have resulted from TfTR_20. Therefore the first floor of the model suffered

more stiffness deterioration than the others. Table 4-3 shows the stiffness matrix and story

stiffness comparisons of the east and west frames of the model. It can be observed that the sum

of the diagonal tenns of the west frame stiffness matrix is simHar to that of the east frame.

However a greater stiffness deterioration has occurred to the first floor of the west frame in

comparison with the east frame.

Fig. 4-18 shows the story shear versus inter-story drift histories for WHNR_D. The initial

stiffnesses for small amplitude displacements are identified as 65.9 kip/in. 55.0 kip/in, and 65.2

kip/in, respectively for the first. second, and third stories. From Table 4-4, this corresponds to

stiffness reductions of 39.6%. 43.2%, and 32.6%, respectively after TFfR_20 as compared to

before shaking (WHNR_C)or41.8%,45.0%,and 34.8%,respectivelyascompared to WHNR_B

(untested).
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TABLE 4-2 Dynamic Properties and Stiffness Matrix before and after Moderate Shaking

(East Frame)

WHNR_C (before) WHNR_D - East (after)

Natural
(264 ) (1.98 )

Frequencies f. = 9.18 f. = 8.11

(Hz.) 16.70 15.33

Modal
(l.l~ -0.86 -049) (1.00 -0.86 -0.56]

Shapes ~" = 0.79 0.45 1.00 ~lJ = 0.82 0.42 1.00

0.44 I.no -0.83 0.46 1.00 -0.81

Modal
[ 044 ) [ 0.44 )

Participation r, = (J.II r, = 0.11

Factors -0.07 -0.07

Damping
[47) (66)Ratios ~ = 1.8 ~ = 2.6

(%) 1.6 1.4

Stiffness [ 198.9 - 238.2 M2 ) ( 182.7 -218.2 71.9 )
Matrix K" = -238.2 438.5 - 279.1 1(" = - 218.2 3S6.9 -229.3

(kip/in) 65.2 - 279.1 404.6 71.9 -229.3 318.3

Story [2382) (218.2)
Stiffnesses k, = 279.1 k j = 229.3

(kip/in) 125.5 89.0
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TABLE 4-3 Dynamic Properties and Stiffness Matrix Comparison of the East and West

Frames after Moderate Shaking

WHNR_D - East WHNR_D - West

Narural [1.9g) [ 1.93 )
Frequencies /,= 8.11 f. = 7.98

(Hz.) 15.33 15.48

Modal (1.00 -0.86 -056) [1.00 -0.88 -0.59)
Shapes c!>'J = 0.82 0.42 1.00 c!>v = 0.82 0.38 1.00

0.46 1.00 -0.81 0.48 1.00 -0.80

Modal [ 0.44 ) [ 045 )
Panicipation f. = (UI f. = 0.10

Factors -0.07 -0.07

Damping [6.6) [g.1)
Ratios ~ = 2.6 ~ = 2.8

(%) 1.4 0.8

Stiffness [ 182.7 - 218.2 71.9 ) ( 196.0 -226.9 80.6 )
Matrix Kif = -218.2 356.9 -229.3 "v = - 226.9 356.5 -233.8

(kiplin) 71.9 - 229.3 318.3 80.6 - 233.8 311.9

Story [2182] (226.9)
Stiffnesses k. = 229.3 k, = 233.8

(kiplin) 89.0 78.1

TABLE 4-4 Low Amplitude Initial Stiffnesscs from the Shcar versus Inter-Story Drift

Histories

Story WHNR_B WHNR_C WHNR_D

(kiplin) (kiplin) (kiplin)

Third 100.0 96.8 65.2

Second 100.0 96.8 55.0

First 113.2 109.1 65.9
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':.4 Response to Severe Earthquake

A severe table motion. the Taft N21E accelerogram lICaled for a PGA of 0.30 g. was used to

excite the model. herein referred to as TFrR_30. Figs. 4-19a and 4-19b show the desired and

achieved shaking table acceleration motions for lFI1C3O. The achieved PGA is identified as

0.32 g. Fig. 4-19c shows a shon segment of the desired and achieved shaking table motions.

A high degree of similarity can initially be observed between the desired and achieved motions.

But at about )j seconds. the table motion became erratic. Subsequently. the excitation gain

(scale factor) of the shaking table was immediately lowered. Thereafter the achieved

acceleration history shows good agreement with the desired. The reasons for this table behavior

were discussed in Section 4.2.

Figs. 4-20a and 4-20b sho'''' the nonh and south side venical table accelerations for TFTR_3O.

The peak venical accelerali~r. uf the table is 0.87 g and the vertical response on each side of

the table are in-phase. Therefore it is concluded that the table is unifonnly accelenting in the

venical direction during the instability. Fig. 4-2Oc shows the Fourier Tranllfonn of the north

side venical table acceleration history. Excited frequencies between 10.0 Hz. and 12.0 Hz. and

also between 20.0 Hz. and 25.0 Hz. can be observed.

Fig. 4-21 shows the east and west lateral base acceleration histories along with the corresponding

phase angle. Out-of-phase motions can be observed near frequencies of 10.0 Hz. to 12.0 Hz.

and higher, which indicates that the shaking table is yawing or twisting. Fig. 4-22 shows the

induced transverse shear forces in the interior and exterior first story columns for table motion

TFTR_3O. It can be observed that the transverse shear forces are completely out-of-phase in

the exterior columns (presence of torsion).

Therefore it is concluded that the torsional response in the smacture was driving the shaking

table in a yawing motion during the severe earthquake. However the input torsional effects

from the instability are still minor with respect to the lateral and the overall response is not

excessively affected. An averaging technique is used to filter out the torsional effects and

analyze the lateral direction for meaningful conclusions (as in the moderate shaking).

4-33



4.4.1 ('IOOal Response

Fig. 4-23 shows the average story displacemenrs time histories of the retrofitted model during

the severe eanhquake, test TFfR_30. Fig. 4-24 shows the story shear force time histories

idenrified from the load cells in the first and second story columns and the third story level

accelerometers. respectively. h can be observed that minor signal drifts of the first and second

story shear forces have occurred, possibly a result of some yielding in the load cells. Figs.4-25a

and 4-25b show a magnified overlayed ponion of the story displac~ments and shear forces.

respectively. It can be observed that the story displacements and sht:~ forces are moving in

phase. Figs. 4-26a and 4-26b sho~ the story displacements. shear forces. and story loads when

the maximum first story drift occurs. The shape of the magnitudes of the story displacements

and shears althis point in time resembles the shape caused by the first mode of vibration of the

model. Therefore it is concluded that the structural response for the severe level eanhquake is

governed by the first mode of vibration.

Table 4-5 summarizes the maximum results for story displacements. inter-story drifts. story

shear forces. story loads. and peak story accelerations for each floor of the model for TfTR_30.

It can be observed that the inter-story drifts are 2.13%. 1.19% and 0.49% of the story height.

respectively for the first. second, and third floors. The inter-story drift maxima for the

unretrofitted building tested by the same severe eanhquake CfFT_30) were 2.03%. 2.24%.

0.89%. respe :tively lBracci et al.. 1992b). Therefore the retrofit did not influence the first story

drift. However large reductions in the second and third story drifts have occurred. A large

inter-story drift of the first floor occurs due to the fonnation of a plastic hinge at the base.

however in no danger of st,ear failure with the additional confining steel at the base. The

analytical study shown in Section 2. grossly underestimated the maximum first story drift.

Explanations for this discrepancy are presented in Section 4.6. The maximum measured base

shear force for retrofitted model during the severe earthquake (21.8 kips) is 26.4% of the total

structural weight W. For comparison. the base shear during moderate shaking of rettofitted

model (TFfR_20) was 25.0%. For the unretrofit model test with the same severe eanhquake

(TIT_30). the base shear was 15.3%. respectively. Therefore a larger sheardemand has resulted

due to the retrofit and also an increased demand has resulted in comparison with TfTR_20.

This implies that base shear capacity for the retrofitted model had not been reached for the

moderate shaking and possibly not reached during the severe shaking. Also note that there are
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story level acceleration amplifications of about O.~, 15.2%,46.9%, respectively for the ftrst,

second, and third stories. These amplifICations wen: less than the moderate shaking, especially

on the ftrst story due to inelastic response.

TABLE 4-5 Maximum Response for Seven: Eanhquake TfTR_30

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

Displacement Story Drift Shear Load Acceleration

(in.) (percent) (kips) (kips) (g)

Third 1.73 0.49 13.2 13.2 0.47

Second 1.50 1.19 19.5 10.1 0.38

First 1.02 2.13 21.8 (26.4%W) 10.1 0.31

Fig. 4-27 shows the story shear force versus the inter-story drift trajectories for each floor of

the model for test TFTR_30. The initial story stiffnesses from WHNR_D (low amplitude before

shaking) is shown along with the equivalent slope of the response. It can be observed that

considerable inelastic behavior occurred primarily at the first story. The secondary slopes are

identified as 21.7 kiplin, 29.8 kiplin, and 30.2 kiplin. This corresponds to mluctions of 28.1 %,

1.3% and 0.0%, respectively due to the seven: shaking. Therefore in addition to the decay of

the initial story stiffness, the post-eracking or yielding, story stiffness of the first floor also

decays as a result ofcontinued inelastic deformations and strength deterioration in the members

of that story. Therefore it is vital in the analytical evaluation not only to correlate the initial

period of the structure but also the hysteretic degradation properties.

Fig. 4-28 shows the time history of the energy balance for the model during TFI'R_30.

The total input energy into the model is about 52.0 kip-in, which is about 30% larger for

local member designations see Bracci et aI. (19921) than TFTR_20 and about~ larger

than the unretrofitted building with the same earthquake. Thepercentage ratioof the viscous

damped and dissipated energies by each floor with respect to the total is 55.0% : 38.5% :

6.4%, respectively for tile ftrst, second,and thUd stories. Incomparison with TFI1C20,

the percentage ratio of viscous damped and hystemic energies WIS 60.8% : 35.6% :

3.6%, respectively. It can be observed that similar ratios have resulted in Ihe

retrofitted model after the moderate and severe earthquakes. For comparison with the
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unretrofitted building with the same eanhquake, the percentage ratio of viscous damped and

hysteretic energies was 42.6% : 42.1 % : 1~.2%, respectively. Therefore retrofit of tile building

was successful in tenns of avoiding the soft-story effect on the second floor, which occurred in

the unretrofitted building from the severe shaking.

4.4.2 Local Response

Fig. 4-29 shows the induced lateral shear forces in the interior and exterior first story columns

(base shear) for table motion TFfR_JO. It can be observed that the shears in the interiorcolumns

are approximately five times larger than the exterior columns. The shear force signal in column

'3 at the end of the motion has a minor offset, which implies some yielding may have occurred

in this load cell.

Fig. 4-30 shows the bending moment versus axial load interaction diagrams for the columns of

the first and second stories. It can be observed that the interaction history for the retrofitted

columns of the upper first and second floors extend to the nominal ultimate bounds. For the

second floor lower columns, the history is well below the nominal ultimate bounds and within

the cracking surface. However, for the lower first story columns, the moment-axial load history

extends beyund the nominal ultimate surface, but remains within the predicteddynamic ultimate

surface. This is expected since the lower first story columns~ a primary hinge location for

the design beam-sidesway failure mechanism. With exception of the lower first story columns.

the unretrofitted exterior column interaction histories remain primarily within the nominal

ultimate bounds. Also the waviness in the interaction histories is a direct result of the fluctuating

axial loads from the table instability.

Fig. 4-31a and 4-31b show the first story beam moment time histories in the south and north

sidesof the model at the face of the added Joint reinforcement in the fillet along with the ultimate

moment surfaces. It can be observed that the moment demands in the interior beams exceed

the nominal ultimate bounds considering full slab steel contributions in the negative direction.

Particularly in beam Exbm152 where the moment history extends beyond the prcdicteddynamic

ultimate surface. Since the slab steel was shown to have a substantial contribution to the moment

capacity of the beams, underprcdicting the appropriate strain hardening of the rebus and slab

steel, along with the additional strain rate effects in these bars, mightcxplain the underestimation

of the beam suength. Note that the provided fillet in the retrofitted interior columns and the

presuess prevented pull-out of the discontinuous beam reinforcement, thereby enabling higher
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posluve moment capacity. The exterior beam moment demands remain within the nominal

ultimate surfaces and the panially unbonded positive moment surface (since the member was

not reb'Ofitted). Therefore it can be concluded that the beams have yielded in test TFfR_30,

as expected in the beam-sidesway mechanism. Also the slab steel across the full slab width has

a considerable contribution to the ultimate beam moment capacity.

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

direction, along with the corresponding story displacements, are shown in Fig. 4-32. It is

apparent that a beam-sidesway collapse mechanism is developing since that beam moments and

the lower first story columns have reached yield strength.

The visually observed structural damage and measured damage state of the retrofitted model

from the severe shaking is shown in Fig. 4-33. The following points highlight the observed

structural damage:

(a) funher cracking occurred in the lower first story interior columns;

(b) funher cracking occurred in the beams of the first and second stories near the end

of the fillet;

(c) slab cracks were observed along the face of the added fillet throughout the slab

width;

(d) additional torsional cracks in the south-west transverse beam.

Except for very strongly damaged and worked hinges, the visual damage and that established

by calculating damage indices based on test data do not correspond. This indicates that more

often than not visual damage is not accurately describing the strUctures state.

4.5 Dynamic Properties after Severe Shaking

The dynamic propenies of the reb'Ofitted model after the severe earthquake are detennined from

the white noise WHNR_E. Figs. 4-34a and 4-34b show the smoothed story transfer functions

for the east and west frames of the model. respectively. Since small damping and well separated

modes can be observed, the natural frequencies (If the east frame are identifted as 1.88 Hz.• 7.SO

Hz.• and 14.84 Hz. and are tabulated in Table 4-6. It can be observed that the natural frequencies

of the east frame are reduced by an additional 5.1%, 7.5%. and 3.2%. respectively from the
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severe shaking or 32.4%, 20.0%, and 11.4% from WHNR_B (untested). The modal shapes and

modal panicipation factors are also identified from the story transfer functions and shown in

Table 4-6. Slightly varying modal shapes and modal panicipation factors can be observed. The

natural frequencies of the west fmme are likewise identified as 1.73 Hz., 7.50 Hz., and 14.84

Hz. and shown in Table 4-7 for comparison with the east frame. It can be observed that the

first mode natural frequency of the west frame suffers more deteriomtion than the east frame.

The modal shapes and modal panicipation factors of the west frame are comparable with the

east frame.

Fig. 4- 35 shows the phase angle between the third floor accelerometers on the east and west

fmmes ofthe model. It can be observed that the east and west fmmes are about 220 out-of-phase

near the first mode natural frequency, which implies torsion is present in the model during

WHNR_E.

The equivalent viscous damping factors of the east frame are detennined from the half-power

method as 55%. 1.9%. and 1.5%. respectively. Likewise the modal damping factors of the

west frame are identifIed as 6.7%, 1.9%, and 1.2%, respectively. Since the west frame was

previously shown tn have suffered more damage during the moderate and severe eanhquakes,

a large damping factor was expected in the west fretme. Note that the damping factors after the

severe shaking were less than the factors after the moderate shaking. These damping factors

indicate energy dissipation in various modes. These factors cannot be used for equivalent

analyses since the energy dissipation is hysteretic and not viscous.

The updated stiffness marrix of the model, developed from the dynamic characteristics of the

eastfmme from WHNR_E, is shown in Table 4-6. II can be observed that the sum ofthe diagonal

terms of the stiffness matrix is reduced by an additional 8.1 % after the severe shaking or a total

of 25.6% from WHNR_B (untested). Story stiffness reductions of 30.7%, S.Q%, and 1.1%,

respectively for the first. second, and third stories have resulted after TfTR_300r 60. I %,22.4%,

and 14.0% as compared to WHNR_ B (original). Therefore it can be observed that considerable

stiffness deteriordtion has primarily occurred to the fi~t story of the retrofitted model, similar

to the behavior after the moderate shaking. Table 4-7 shows the stiffness matrix comparisons

of the east and west frames of the model. It can be observed that the sum of the stiffness marrix.

of the west frame of the model is similar to that of the east frame. Also the corresponding

stiffness reductions for the west frame are similar to the east frame.
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Fig. 4- 36 shows the story shear versus inter-story drift histories for WHNR_E. The story

stiffnesses for small amplitude displacements are identified as 54.0 kip/in. 46.0 kiplin. and 62.5

kip/in, respectively for the first, second, and third stories. From Table 4-8, this corresponds to

stiffnesses reductions of 18.1 %, 16.4%. and 4.1 %. respectively lifter TFTR_30 as compared to

WHNR_D (before shaking) or about 52%. 54%. and 38% as compared to WHNR_B (untested).

Therefore funher stiffness deterioration is evident from TFTR_30.

TABLE 4-6 Dynamic Propenies and Stiffness Matrix before and after Severe Shaking

(East Frame)

WHNR_D - East (before) WHNR_E - East Cafter)

Natural
[ 1.98 ) [ 1.88 )Frequencies /,= lUI /, = 7.50

(Hz.) 15.33 14.84

Modal [l.m -0.86 -056) [ 1.00
-0.83 -0.56)

Shapes <1>" = 0.82 0.42 1.00 <I>,} = 0.82 0.36 1.00
0.46 1.00 -0.81 0.45 1.00 -0.76

Modal ( 0.44 ) [ 0.44 )Panicipation r, = 0.11 f j = 0.10

Factors -0.07 -0.07

Damping [6.6) [5.5)Ratios 1;, = 2.6 1;, = 1.9

(%) 1.4 1.5

Stiffness ( 182.7 - 218.2 71.9 ) [ 168.1 -205.3 ~.6 )
Matrix K,/ = - 21R.2 356.9 -229.3 ~ = -205.3 34~.7 - 215.8

(kiplin) 71.9 - 229.3 318.3 69.6 -215.8 277.5

Story
[218.2) (205.3)

Stiffnesses k, = 229.3 k, = 215.8

(kiplin) 89.0 61.7
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TABLE 4-7 Dynamic Properties and Stiffness Matrix Comparison of the East and West

Frames after Severe Shaking

WHNR_E - East WHNR_E - West

Natural (188 ] (173 JFrequencies f. = 7.50 f. = 7.S0

(Hz.) 14.84 14.84

Modal (100 -0.83 -0.56J (100 -0.84 -055J
Shapes elly = 0.82 0.36 1.00 ell" = 0.83 0.36 1.00

0.45 1.00 -0.76 0.49 1.00 -0.76

Modal ( 044 ] ( 0.44 ]
Participation r. = 0.10 r. = 0.10

Factors -0.07 -0.06

Damping [55] [6.7]
Ratios ~ = 1.9 ~,= 1.9

(%) 1.5 1.2

Stiffness
( 1~.1 - 205.3 696 J ( 165.0 -203.8 675 ]

Matrix Ky = -205.3 342.7 -215.8 Ky = -203.8 344.0 -217.8

(kip/in) 69.6 - 215.8 277.5 67.5 -217.8 277.8

Story (205.3J (203.8]
Stiffnesses k. = 215.8 kj = 217.8

(kip/in) 61.7 60.0

TABLE 4-8 Low Amplitude Initial Stiffnesses from the Shear versus Inter-Story Drift

Histories

Story WHNR_B WHNR_D WHNR_E

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

Third 100.0 65.2 62.5

Second 100.0 55.0 46.0

First 113.2 65.9 54.0
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4.6 Analytical Modeling and Response Comparison

The experimental response results of the retrofitted model from the moderate (0.20 g) and severe

«UO g) earthquakes were presented in Sections 4.2 and 4.4, respectively. In this sub-section,

an inelastic analysis. using analytical modeling with member parameters developed from

component tests. is presented and used to predict the story response of the retrofitted model

from the induced earthquake simulation!>. The damage to the individual members, story levels,

and overall structure from the shaking is quantified analytically in terms of damage indices

according to modified Park et al. (1985) damage model. A discussion of this damage model

was presented by Bracci et al. (1992b).

A collapse mode (shakedown) analysis of the retrofitted model is presented for sequential hinge

formation and the base shear capacity. An elastic analysis of the retrofitted model is also

performed for identification of equivalent strength ratios due to inelastic behavior for the

moderate and severe earthquakes.

4.6.1 Analytical Simulation

4.6.1.1 Engineering Approximations

In Section 2, analytical modeling. based on approximate structural parameters, was used to

predict the response of the retrofiued model structure. These structural parameters wer..:: (i)

the initial, post-cracking. and post-yielding suffnesses; (ii) the cracking and yielding moments;

and (iii) the hysteretic properties. Since the rettofitted columns were prestressed from the

midheight of the first story to the roof, an initial stiffness of 1.0 EJ, was used. At the rettofitted

base column with discontinuous reinforcement and no prestressing, an initial stiffness of 0.5

Ell was used. Paulay and Priestley (1992) suggest ranges for an effective moment of inertia

between 0.7 II and 0.9 II for heavily loaded columns and between 0.5 fa and 0.7 II for columns

with axial loads of about 0.2 (AI' The initial stiffness for the beams is suggested to be 0.45

Ell'

For development of the hysteretic rule, a post-cracking stiffness of EV2 was assumed. The yield

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

moments considered slab steel contributions from the full slab width. Also note that the exterior

beam yielding moment in the positive direction considered 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). However with rettofit, the interior beam
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moments considered full moment capacity without pull-out. The hysteretic propenies for

analytical modeling of the beams and columns were defined based on previous component

testing as: (i) 0.3 and 0.8 for the stiffness degradation factor for the columns and beams,

respectively; (ii) 0.1 for the strength degradation factor; (iii) 1.0 for the target slip factor; (iv)

1.00 for the slip reduction factor; and 1.5%; (v) 1.0% for the post-yielding stiffness ratio for the

columns and beams. respectively; and (vi) 2% for the damping ratio.

The platform program IDARC, Kunnath et al. (1990), was used to carry out the inelastic analysis

for a severe eanhquake (Taft N21 E 0.30 g) based on the structural member parameters from

engineering approximations. From Table 2-1. the predicted maximum first story drift was 1.24%

of the story height. However from Tables 4-1 and 4-5 for the moderate (0.20 g) and severe

(0.30 g) shaking. the maximum measured first story drifts are 1.37% and 2.13%, respectively.

Obviously a gross error was made with the approximations since the measured story drift was

apprmdmately double the estimated drift for the severe shaking. However the estimated

maximum base sheardemandof20.1 kips (24.5%ofthe structural weight W) reasonably predicts

the measured base shears of 20.6 kips (25.0% W) and 21.8 kips (26.4% W) from the moderate

and severe shaking.

4.6.1.2 Component Tests

Choudhuri et al. (1992) (in Pan I of the Retrofit Repon Series) tested quasi-statically the

retrofitted interior subassemblage component by concrete jacketing. The original

subassemblage component was built and tested by Aycardi et al. (1992) (in Pan II of the

Evaluation Retrofit Series). The initial stiffness of the retrofitted column with applied

prestressing was identified a~.

(4.1)

At the base retrofitted columns of the model where the longitudinal rebars are discontinuous

and not prestressed. the initial stiffnesses are assumed based on previous tests as:

(4.2)

Aycardi et al. (1992) (in Part II of the Evaluation Repon Series) also built and quasi-statically

tested the original (unretrofined) column and subassemblage components. Since the model
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structure previously experienced story drifts of about 2'11 of the Story height. the unlOMling

stiffness from the column components at 2" drift is used as the initial stiffness of the exterior

columns and identified as follows:

Elat..... = 0.22 (E....). (4.3)

From the subassemblage tests at 2% drift. the unloading of the interior and exterior beams is

used for the initial stiffness of the beams in the analytical modeling as follows:

Ela .. = 0.32 (E",).

EJ..... = 0.23 (EI..).

(4.4)

Note that the stiffness of the interior beam is identical to the initial stiffness used in the

undamaged building.

A post-cracking stiffness of about E1/2 is identified from the component tests and UJed for each

member. The member strengths are identified from the component tests and are similar to those

from basic principles. The hysteretic properties for analytical modeling of the beams and

columns are defined as: (i) 0.5 for the stiffness degradation factor, (ii) 0.04 for the strength

degradatioo factor; (iii) 0.7 for the target slip factor, (iv) 1.0 for the slip reduction factor; (v)

1.5% for the post-yielding stiffness ratio; and (vi) 2'11 for the damping ratio.

Table 4-9 summarizes the member parameters from engineering approximationsandcomponent

tests used for the analytical modeling of the retrofitted model with concrete jacketing of the

interior columns and partial base fixity.

The platform program IDARC is used to carry out the analytical modeling based on member

parameters identified from component tests. From static computations. the fmt naIUra1

frequency is detennined to be 2.24 Hz. Note from the experimental white noilC test befeft the

moderate shaking that the fint natural frequency was determined to be 2.64 Hz. (see Table 2-.5).

Therefore the analytical modeling predicts a slighdy softer struct\lI'~.

A collapse mode (shakedown) analysis is performed in IDARC by statically increasing the

lateral loads on the model according to a invened triangular loading distribution. The lCquence

of hinge formation in the model is shown in Fig. 4-37. It can be obserwd that yielding first

OCCUR in the lower fmt story interior columns (with discontinuous lidded rebars). Yielding

then propagates to the interior beam members and then throughout the 1tI'UCtUre. The static
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loading is continually increased until the top story displacement exceeds 2% of the building

height. Atthis drift limit. the base shearca, 1city of the retrofitted model is determined as 25.5%

of the total structural weight (21.1 kips). From Tables 4-1 and 4-5. the maximum measured

base shears during the moderate and severe earthquakes are 25.0% Wand 26.4% W. Therefore

the analytical base shear capacity slightly underpredicts the actual base shear capacity.

Figs. 4-:\)( and 4- W show the comparisons of the predicted story displacements and shear forces

of the retrofitted model from the analytical modeling based on component tests with the

experimentally measured response for the moderate (0.20 g). and severe (0.30 g) earthquake

simulations. respectively. Sequential runs of the moderate and severe motions are used to

capture the degradations of both elastic and inelastic hysteretic propenies. It can be observed

that the predicted story response adequately correlates to the ex.perimentally obtained results.

Fig. 4-40 shows the resulting damage states of the model predicted analytically in comparison

with the C'lI.pernnental measured damage states of the simulated earthquakes. It can be observed

that yielding has occurred in the lower first story interior columns (base) and the upper first and

second story interior columns for the moderate shaking using IDARC. However the hinges in

the upper first and second stories are in the incipient stages. Yielding was not measured

ell.perimentally in these sections. Yielding has alw developed in some of the beam members

of the first and second stories for the moderate earthquake both experimentally and analytically.

The unretrofitted exterior columns and exterior beams result in a cracked damage state from

IDARe. However experimentally. some yielding was also observed in the first story exterior

columns. Forthe severe shaking in IDARC. yielding occurs in the same members as the moderate

shaking with additional hinging in the exterior columns of the first story. Experimentally. the

measured damage state of the retrofitted model after the severe shaking was also similar to the

moderate shaking. It can be observed that the correlation exists between the analytically

predicted and experimentally measured damage states for both earthquakes. Since yielding has

occurred in the base columns and first and second story beams, the apparent collapse mechanism

for the retrofitted model under ultimate load is a beam-sidesway failure mechanism. In

comparison, the unretrofitted model shows (see Bracci et al.. 1992b), a resulting damaged state

of a column-sidesway mechanism type under ultimate load.

4.6.2 Damage Evaluation

Fig. 4-41 shows the quantified member damages in the retrofitted model building for the

moderate and severe earthquakes computed from the modified Park's damage model in IDARC.
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For the moderate shaking. the damage indices in the first story interior and exterior columns

reach values of 0.17 and 0.11, respectively. Therefore the damage to the first story columns

after the moderate shaking is within the minor- "serviceable"damage state (01 <0.33). However

note that the resulting damage to the retrofitted interior columns occur as a result of a hinge

formation at the base. Since transverse reinforcement was added in the base column sections,

the corresponding damage index is small. The damage indices for the interior and exterior beam

members of the first story (01 =0.26 and 0.18) are also within the "serviceable" damage state.

It can be observed from the story level damage indices that most of the resulting damage occurs

to the members of the first story and that the larger damage result.. in the beams members. The

overall structural damage index is 0.14 after the moderate shaking, which implies a

minor/moderate damage state (DI.lrUCbft < 0.40). In comparison with the unretrofitted building

tested under the same moderate earthquake. a damage index of 0.36 (moderate - "repairable"

damage state) resulted for the first story interior columns. However damage to the beams was

minimal, except in the exterior beams due to reinforcement slip. The overall structure damage

index was 0.23. Therefore the damage from the m.xierate shaking was significantly reduced

in the retrofitted building and damage is transferred from the columns to the beams.

For the severe shaking, the damage indices in the first story interior and exterior columns reach

values of0.31 and 0.18, respectively. Note that the damage associated with the interior columns

is a result to damage at the base only. Therefore the first story columns are barely within the

minor - "serviceable" damage state. The damllge indices of the column in the second and third

floors are minimal. The damage indices for the exterior beam members of the first story (01 =
0.44 and 0.37) are also within the moderate - "repairable" damage state. However the first

story interior beam (DI =0.67) is categorized as just beyond the moderate· "repairable" damage

state. It can be observed from the story level damage indices that most of the resulting damage

occurs to the members of the first story and larger damage results in the beams. The overall

structural damage index is 0.32, which implies a minor/moderate damage state (OJ.-- < 0.40).

In comparison with the unretrofitted building tested under the same severe earthquake, damage

indices of 0.72 and 0.67 (severe - "irrepairable" damage state) resulted for the first and second

story interior columns. The exterior columns remained in the "repairable" damage state.

Damage to the first story exterior beams was 0.46 from the pull-out demands and was minimal

for the interior beams. The overall structure damage index was 0.49. Therefore the overall

structural damage index was significantly reduced after retrofit and damage is transferred from

the columns to the beams from retrofit (same results as the moderate shaking).
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Therefore from the damage evaluations of the retrofitted model building, it can be concluded

that: (i) the first story beams have a moderate - "repairable" damage state after the moderate

and severe shaking. For the shaking of the original model, the only significant beam damage

was in the first story exterior beam in the pull-out direction; (ii) the retrofitted interior and

unretrofitted exterior base columns develop only minor - "serviceable" damage from the

earthquakes, while the remaining columns develop negligible damage. For the shaking of the

original model, severe damage occurred to the interior columns and moderate damage to the

exterior columns of the first and second floors; (iii) the resulting damage distribution is typical

of strong column - weak beam behavior in structure (beam-sidesway mechanism). In contrast

with the original building where a column-sidesway mechanism was evident; and (iv) a

significant decrease in column damage indices and overall structural damage index results for

retrofitted model after the moderate and severe shaking in comparison with the original model.

4.6.3 Damage with P-delta Effect

The proposed damage index for including damage associated with the P-delta effect (see Bracci

et aI., 1992b) is used to evaluate the damage of a first story retrofitted interior column under

various levels of peak ground accelerations (PGA). Firstly the column yield displacement. yield

force, and ultimate displacement are found using IDARC by statically loading each story of the

retrofitted model with forces proponional to the inverted triangular loading. Fig. 4-42 shows

the first story shear force ofa retrofitted interiorcolumn versus inter-story drift under increasing

static loads. It can be observed that yielding occurs at about I% of the story height (0.45 in.).

The yielding shear force for the column is about 5.0 kips. The post-yielding shear force

continually increases with displacement from the input strain hardening without a loss in

strength. However the ultimate monotonic displacement is conservatively considered to be 3%

of the story height based on a loss in strength detennined from component tests.

Fig. 4-43 shows the retrofitted column damage index as a function oftime, displacement ductility

(0./0,), and defonnation damage ([0.. - 0,]1[0" - 0,» for the various PGAs. It can be observed

that the resulting damage index is relatively small (01 < 0.20) for PGAs up to and including the

0.40 g motion. Note that this is considerably less than for unretrofitted columns previously

tested (see Bracci et aI., 1992b). At a PGA of 0.70 g, the damage index with and without the

P-delta effect approaches 1.0 (collapse). However note that other members of the building,

particularly the beams, may have collapsed under smaller levels of PGA , (evaluation which

was not in the obj~tive in this analysis). For the original building, the unrettofitted columns
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approached collapse at a PGA between 0.30 g and 0.35 g. It can also be observed from Fig.

4-43 that the damage contribution from P-dclta effect in the retrofitted columns is relatively

small and significantly It ss as compared to the unretrofitted columns.

4.6.4 Elastic Analysis and Equivalent Strength Ratios

An elastic analysis is perfonned on the retrofitted model for the shaking motions with analytical

modeling developed based on component test results (see Section 4.6.1.2). Fig. 4-44 shows the

elastic base shear histories for the moderate and severe shaking motions. The peak base shears

from these elastic analyses are identifted as 44.6 kips (54.1 % of the total structural weight W)

and 78.0 kips (94.5% W), respectively. From the inelastic analyses in Section 4.6.1.2, the

analytical base shear demands were identified as 21.0 kips (25.5% W), and 20.9 kips (25.3%

W), respectively. This corresponds to an equivalent strength ratio (reduction from the elastic

force level to the inelastic strength level) of 2.12 and 3.73, respectively. This equivalent strength

ratio is compared to the ductility based reduction factor (R,J in the discussions concerning UBC

(1991). Refer to Bracci et al. (1992b) for more details.

According to the provisions in UBC (1991) for an intermediate moment resisting RIC frame

(since the model was retrofitted), the total strength reduction factor (R.,..) is 7. For the retrofitted

model building, a dynamic amplification factor (overstrength reduction factor, 0) of 1.3 and

an allowable stress factor (Y) of 1.4 are used. Therefore the corresponding ductility based

reduction factor (R,J according to UBC (1991) is 3.85 (R~ = R./OY).

Table 4-10 summarizes the equivalent strength ratios for the original and retrofitted models

both analytically and from UBC (1991) along with the corresponding sb'UCtural damage indices,

displacement ductility ratios, and the base sheardemands and capacities computed analytically.

It can be observed that comparable ratios to UBC reduction factors result when the base shear

approaches ultimate load for the severe shaking and deviations occur under the minor and

moderate shaking. This variation occurs since UBC (1991) specifies only one design earthquake

for the ultimate limit state. The lower equivalent ratios for moderate motions are associated

also with lower damage states. The retrofit reduces the damage levels as compared with the

unretrofitted structure although larger strength ratios are obtained. The ductility demand (fim

story displacement ductility) for the retrofitted model is greater than for the original model since

the retrofit provided additional stiffness. However note that the flJ'St story ductility capacity
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01 the retrofitted model far exceeds the ductility capacity 01 the oriaina. model. The base

shear demands reach the analytical capacities during the moderate and severe shaking for both

the retrofitted and unretrofitted models.
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TABLE 4-10 Equivalent Strength Ratio (R)

Mioor Moderale Se\ICre

(O.O~ g) (0.20 g) (0.30 g)

I Equivalent Strength Ratio R 1.15 1.89 2.77

Analytical Suuetwal Damage Indell 0.04 0.23 0.49

(Original Ductility Demand 0.4~ 1.38 1.96

Bldg.) Inelastic Base Shear Demand 8.8% 14.1% 14.6'1>

('I> of Structural Weight) (Capacity) (15.0%) (15.0%) (15.0%)

Code: 2 USC (1991) - Ductility 2.75 2.75 2.75

Reduction Factor,R~

Equivalent Strength RatioR 2.12 3.73

Analytical Suuctural Damage Indell 0.14 0.32

(Retrofiued Ductility Demand 2.19 3.44

Bldg.) Inelastic Base Shear Demand 25.5% 25.3'1>

(% of Structural Weight) (Capacity) (25.5'1» (25.5'1»

Code: 1 UBC (1991) - Ductility 3.85 3.85

Reduction Factor,R~

I Equivalent strength ratio computed from the ratio of the analytical elastic and
inelastic base shears.

2 Ordinary Moment Resisting Concrete Frame: R... = 5, n = 1.3, and Y = 1.4.

3 Intennediate Moment Resisting Concrete Frame: R... = 7, n = 1.3, and Y = 1.4.

.. Ductility under 1.0 indicate elastic behavior.
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4.7 Summary Discussions

The local and global response of the retrofitted model from the moderate and severe simulated

eanhquakes <Taft N21 E. PGA 0.20 g and 0.30 g. respec.ively) are presented in this section.

The following summarize the maximum response of the retrofitted model during the earthquake

test.'I. the dynamic characteristic history throughout the testing, and the resulting conclusions.

4.7.1 Maximum Story Response of Relrofilled Model

The maximum response of the retrofitted RIC frame model for the moderate and severe shaking

table motions are presented in a Table 4-11 for comparison.

TABLE 4-11 Maximum Response for the Retrofitted Model

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

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

Taft N21E Third 1.18 0.33 10.7 0.38

PGA 0.20 g Second 1.03 0.80 16.2 0.33

(TFfR_20) First 0.66 1.37 20.6 (25.0%) 0.26

Taft N21E Third 1.73 0.49 13.2 0.47

PGA 0.30 g Second 1.50 1.19 19.5 0.38

TFfR_30 First 1.02 2.13 21.8 (26.4%) 0.31

It can be observed that: (i) large story drifts occur on the first story (1.37% and 2.13% of the

story height, respectively for the moderate and severe shaking). The maximum drifts on the

second and third stories are smaller. The increase in drift is almost proponional to the level of

excitation; (ii) the top story displacement for the moderate and severe shaking is 1.18 in. and

1.73 in.• respectively. This corresponds to displacements in the prototype building of 3.54 in.

and 5.19 in.; (iii) the measured base shear is 25.0% of the total weight for the moderate shaking

(PGA 0.20 g) and increases slightly to 26.4% for the severe shaking (PGA 0.30 g). From a

shakedown analysis, the analytical base shear capacity is 25.5% of the total structural weight.

Therefore the base shear capacity is slightly underpredicted by the analytical modeling

developed from component tests. Based on an elastic analysis, the corresponding equivalent
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strength ratios of elastic to inelastic base shear demands are 2.12 and 3.73, respectively.

According to UBC (1991), the ductility reduction factor is 3.85 (R. = 7, U= 1.3. and Y = 1.4)

; (iv) the peak story accelerations show amplifications for the moderate and severe shaking,

eltcept for the first story of the severe shaking (no amplifICation).

4.7.2 Summary of Dynamic Charaderistica or Retrofitted Model

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

retrofitted model throughout the shaking testing program are summarized in Table 4-12.

Table 4-12 Dynamic Characteristic History of the Retrofitted Model

Test Frequency Modal Shape.'l Stiffness Matrix Story Equivalenl
Stiffnesses Viscous

Damping

f, ell" Kv k. l;.
(Hz,) (kip/in) (kipfm) (%)

[271 ] [1.00 -0.86 -0."] [ ~.2 -238.6 71.6 ] [2386] ['0]WHNR_B 9.38 0.79 0.48 1.00 -238.6 421.4 - 278.2 278.2 1.9
16.75 0.42 1.00 -0.89 71.6 -278.2 432.7 154.5 1.3

[264 ] [1.00 -0.86 -049] [ 1~.9 -238.2 65.2 ] [2382] [4']WHNR_C 9.18 0.79 0.45 1.00 -238.2 438.5 - 279.1 279.1 1.8
16.70 0.44 100 -0.83 65.2 -279.1 404.6 125.5 1.6

Tafl N21E PGAO.20g

WHNR_D
[1.98] [1.00 -0.86 -0>6] [ 182.7 -218.2 71.9 ] [21'.2] [66](East) 8.11 0.82 0.42 1.00 -218.2 356.9 -229.3 229.3 2.6

15.:n 0.46 1.00 -0.81 71.9 -229.3 318.3 89.0 1.4

WHNR_D

['93] [1.00 ·-O.lIS -0...] [ 196.0 -226.9
10.6] [_9] ["](West) 7.98 0.82 0.38 1.00 -226.9 356~ -233.8 233.8 2.8

15.48 0.48 1.00 -0.80 80.6 -233.8 311.9 78.1 0.8

Tafl N21E PGAOJOg

WHNR_E ['"] [un -0.83 -0.>6] [ 161.1 -205.3
69.6] [3».'] ["](Ea~) 7.50 0.82 0.36 1.00 -205.3 342.7 -2IS.8 215.8 1.9

14.84 0.45 1.00 -0.16 69.6 -21S.8 211.5 61.1 I.S

WHNR_E

[L73 ] ['.00 -0.84 -OSS] [ IM.O -203.8
6U ] [M3.'] [6.'](West) 7.50 0.83 0.36 1.00 -203.8 344.0 -217.8 217.8 1.9

14.84 0.49 1.00 -0.16 6B -211.8 217.' 60.0 1.2
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It can be observed thal: (i) a minor reduction in the first mode natural frequency occurs after

white noise WHNR_C (5.0%), a larger reduction in first mode natural frequency occurs after

the moderate shaking (28.8%), and only a slight additional reduction after the severe shaking

(5.1 %). The frequency reductions for the second and third modes are considerable smaller; (ii)

large story stiffness reductions occur primarily on the first story after the moderate and severe

shaking (total reduction of 61.2%). Small stiffness reductions occur on the second and third

floors; (iii) the change in first mode natural frequency is approximately proportional to the

square root of the ratio of first story stiffnesses; (iv) the mode shapes vary slightly after the

moderate and severe shaking; (v) the equivalent viscous damping factor for the first mode

increases by 56.6% from white noise WHNR_C (reduction based only on the white noise

excitation). After the moderate shaking, the damping factors for the east and west frames

approximately double. This increased equivalent damping is due to inelastic contributions from

hysteretic (non-linear) behavior. After the severe shaking, the damping factors actually decrease.

However this variation is primarily due to numerical errors and smoothing.

4.7.3 Concluding Remarks on Testing of RetronUed Model

The following are the overall results, conclusions, and remarks from the shaking table testing

of the retrofitted RIC frame model:

(a) Inter-Story Drilts

It was previously mentioned that the maximum first story drifts of the model for the moderate

(0.2 g) and severe (0.3 g) earthquakes are 1.37% and 2.13% of the story heights, respectively.

For comparison with the unretrofitted (original) model, the maximum first story drifts were

1.33% and 2.03%, respectively for the moderate and severe motions. Therefore the first story

drift maxima of the retrofined model are similar to those from the original model. However

the second and third floor drifts are considerably smaller and within recommended limits. For

the severe base motion, the first story drift exceeds the recommended limits of NEHRP (1991)

and UBC (1991). Therefore the suggested retrofit method provided limited control of the first

story drifts. From Table 2-1, the analytical evaluation of the retrofinedmodel using the suggested

concrete jacketing (based on approximate structural parameters) predicted only a maximum

first story drift of 1.24% for a severe shaking (0.30 g). The variations in predicted story drifts

results from inaccurate member properties initially selected in the evaluation. However the

analytical modeling, developed from component testing by Choudhuri et al. in Part I of the
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Retrofit Report Series (1992) and Aycardi et al. in Part II ofthe Evaluation Report Series (1992),

predicts story response that are similar to the measured experimental response. The variation

in the structural parameters between the two analytical modeling types are: 0) a softer initial

stiffness in the beams of the component test model; Oi) a slightly softer initial column stiffness

in the retrofitted (prestressed) columns of the component test model; and (iii) slight variations

of member hysteretic parameters.

But even with the relatively high first story drifts, the model was in no danger of collapse since

the base columns have adequate ductility capacity from the added transverse reinforcement and

the beams have greater hinge rotation capacitie~ from the large quantities of slab steel.

Furthermore, the full collapse mechanism did not developed in the earthquake tests.

(b) Damage to Beam-Column Joints

The retrofitted beam-column joints with the reinforced fillet remained primarily elastic during

the shaking as the design mandated. In the unretrofitted exterior joints, the resulting damage

was also minimal since the interior columns absorbed most of the seismic forces.

(c) Beam and Column Damage

It was observed that the interior beams cracked and yielded near the ends ofthe fiJJelli from the

earthquake motions (with visual cracks appearing). Large positive and negative moments

(reaching capacity) were recorded in the interior beams of the first floor from the shaking. Since

puJI-outofthe discontinuous beam reinforcement was prevented with the retrofit. the full positive

moment capacity was achieved. The slab steel from the full bay width dramatically contributes

to the flexural su-ength of the beams. The moment demands in the exterior beams remained

primarily elastic with only some slight additional cracking. However for the columns, the only

substantial damage occurred in the base columns. The remainder of the columns remained

primarily undamaged. Therefore with the suggested concrete jacketing reb'Ofit of the interior

columns. hinges developed in the beam members at the ends of the fiJJets, primarily on the first

floor. and at the base columns.
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(d) DturuJge EvallUltion

From the damage evaluations of the retrofitted model building, it can be concluded that: (i) the

first story beams develop a considerclble amount damage from the moderate and severe shaking

(moderate damage state). For the shaking of the original model, the only significant beam

damage was in the first story exterior beam in the pull-out (windward) direction; (ii) the

retrofitted interior and unretrofitted ell.terior base columns develop only minor damage from

the earthquakes, while the remaining columns develop negligible damage. For the shaking of

the original model, .~evere damage was inflicted to the interior columns and moderate damage

to the exterior columns of the first and second floors; (iii) the resulting damage distribution of

the retrofitted model was typical of strong column - weak beam behavior (beam-sidesway

mechanism). In contrast with the original building where a column-sidesway (or soft-story)

mechanism was evident; and (iv) a significant decrease in overall structural damage index results

for retrofitted model after the moderate and severe shaking in comparison with the original

model,

(e) Apparent Collap.~e Mechanism

ACI-318 specifies that the design column strengths should be greater than 20% of the beam

strengths to ensure a strong column - weak beam behavior. Note that a dramatic increase in

moment capacity results in the beams which consider slab steel contributions from the full slab

width. For a typical beam-slab-column component, the nominal moment capacity of the

retrofitted columns were about 55% stronger than the nominal capacity of the beams with slab

steel contributions from the full slab width. Thus a strong column - weak beam behavior ex.ists.

For the shaking tests, hinging in the base columns of the first story and hinging in the interior

beams were measured. T!IlIS as the retrofit design stipulates, a desirable beam-sidesway

mechanism (refer to Fig. 4-40) was apparently in development for the model. It should also be

noted that this behavior was achieved by strengthening only the interior columns.

(j) "Second MotU" Effect

Second mode contributions were observed in the original (unretrofined) model. However for

the retrofitted model, only first mode contributions occur during the moderate and severe base

motions. Intentionally, the base columns were designed to have a smaller moment capacity
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than the rest of the columns and the columns were designed stronger than the beams. Therefore

the reuofilted columns remain relatively rigid throughout the height of the building and rotate

aboul the weak base, rather than deflecting as a flexural element between floors.

Due to the large resuhing damage in the base columns and first story beams, first story stiffness

(60.5%) and natural frequt...cydeteriorations (35.3%) have occurred (see Table4-12). However

only slight stiffness deterioration have resulted in the upper stories. The second and third story

columns and beams remain primarily within yielding bound~ throughout the testing. Therefore

only first mode behavior was observed and corresponding ftnt story stiffness and first mode

natural frequency deteriorations occur.

(h) Story SheGr Force DelfUlruls

It can be observed from Table 4-11 that the base shear force demands were 25.0% and 26.4%

of the total structural weight for the moderate and severe base motions, respectively. This

increase in demand implies that the base shearcapacity ha~ not been attainedduring the moderate

base motion. However from a shakedown analysis with analytical modeling basedon component

tests, the base shear capacity at 2% drift limits was 25.5% of the total suuetural weight. Also

note the story shear force demands were relatively proportional to the first mode of vibration.

In comparison with the original model, the base shear coefficients were 15.2% and 15.3% for

the moderate and severe motions, respectively. 1berefore a large increase in base sheardemand

and also capacity has developed after reuofit. From an elastic analysis, the corresponding ba.~

shear force reductions (ductility reduction factors) were detennined to be 2.12 and 3.73 for the

moderate and severe shaking, respectively. 1bese reductions were the resultofinelastic member

behavior. UBC (1991) specifies a strength reduction factor for such a strueture (R. =7) to

account for the inelastic behavior for the design base shear. 1be corresponding ductility

reduction factor was 3.85 (see Section 4.6.4). Therefore for the retrofit model during the severe

earthquake, the measured strength reductions were similar to the UBC (1991).
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(i) Pnsence 0/ Torsio..

It was shown that torsion developed in the model during the moderate shaking due to the uneven

distribution of damage between bays and exacerbated by uncompensated table-structure

interaction. Some of the various reasons are the following: (i) the retrofit strength of the frames

may have been unsymmetrical, possiblydue to varying concrete strengthsor applied prestressing

force; (ii) the moment capacities of the beams may have varied due to placement (location) of

the longitudinal and slab steel reinforcements during construction.
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SECTION 5

CONCLUDING REMARKS

5.1 Remarks on Testing of Retrofitted Model

5.1.1 Retrofit Design

For lypicallow-rise and for upper slories of higher-rise GLD RIC frame struetwes, the seismic

response of the structure is governed by weak column - strong beam behavior, which can lead

to an undesirable column-sidesway/soft-story collapse mechanism under severe earthquake

loadings. A retrofit design should seek to strengthen the vulnerable columns for suong column

- weak beam behavior. Global seismic :"etrofits are required for improved overall strueturai

performance. Seismic retrofit can be used to upgrade existing sttuetures or to repair previously

damaged structures for improved behavior during earthquakes.

Since the GLD RIC model was categorized as in a nwderate - "repairable" damage state from

the pn... ious earthquakes (Bracci et al.• I992b), retrofit was required to reinstate a "serviceable"

condition. The retrofit considered not only to repair the previous seismic damage but also to

upgrade the structural strength to resist any future canhquakes or large lateral loads. Several

retrofit methods were presented and analyzed in various global anangements for a future strong

ground motion. Based on response behavior and several factors concerning modeling, the

improvedconcretejacketingaitemativeofthecriticalinteriorcolumnswilhdiscc"\Unuoosadded

rehars at the foundation was selected to retrofit the model sttueture. Prestressing of the added

reinforcement was applied toenhance the shearstrength ofthecolumns and beam-eolumnjoints,

to supply a compressive pressure on the discontinuous beam reinforcement in the joints to deter

pull-out. and provide an initial strain in the new composite section. A reinforced fiUet was also

used in the beam-column joints to ensure elastic joint behavior and to provide additional

embedment length for the discontinuO'lls beam reinforcement

5.1.2 Exper=mental Studies

The characteristics of the retrofitted model in comparisoo with the original damaged model can

be summarized:
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I. Large story stiffness and corresponding natural frequency increases after retrofit

from column strengthening and stiffening.

2. Decreased "eqL!ivalent viscous damping" factors from smaller contributions from

hysteretic damping. Post-tensioning reduces the degree ofcracking in the structure

and thus lowers the equivalent damping.

The seismic behavior of the retrofitted model during the moderate (Taft N21E, PGA 0.20 g)

and severe (Taft N2IE, PGA 0.30 g) earthquakes can be summarized:

l. Large first story drifts of 1.37% and 2.13% of the story height, respectively.

However the second and third story drifts were considerably smaller.

2. The retrofit beam-column joints (RIC fillet) remained primarily elastic throughout

the shaking.

3. Cracking and yielding was observed in the interior beams at the ends of the fillet

The moment demands in the exterior beams remained primarily below yielding.

The interior beam moment demands exceeded moment capacities that considered

slab steel contributions from the full slab width. Strength increases in excess of

30% were observed due to strain hardening of the rebars and dynamic strain rate

effects.

4. The columns remained primarily undamaged with exceptions to the lower first

story columns. A desirable beam-sidesway mechanism was apparently in

development, however beam hinging was not r bserved in the upper stories. Thus

the complete beam-sideway collapse mechanism had not formed.

5. For a typical beam-column-slab component, the nominal moment capacity of the

retrofitted columns were about 59% stronger than the nominal strength capacity

of the beams that considered slab steel contributions from the full slab width.

6. The response was governed by the first mode of vibration.

7. Large reduction in first story stiffness (60%) and corresponding fant natural

frequencies (about 35%) occurred after the moderate and severe shaking.
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8. The equivalent viscous damping factors were determined to have doubled after the

moderate and severe earthquakes due to contributions from hysteretic damping.

9. The measured base shear force demands were 25.0% and 26.4% of the total

structural weight for the moderate and severe shaking. respectively. Note that base

shear demands were increased about 70% after retrofit as compared to before

retrofit from the same earthquakes.

5.1.3 Analytical Studies

Analytical modeling, with structural parameters detennined from: (i) engineering

approximations; and (ii) component tests, was used to simulate the seismic response of the

model.

It can be concluded that:

I. The inelastic analytical modeling based on stiffnesses obtained from engineering

approximations grossly underpredicted the first story drift for the moderate and

severe earthquakes by about 50%.

2. The inelastic analytical modeling based on stiffnesses obtained from component

tests had different initial member values that better fit the experimental response.

For the moderate and severe shaking (consecutive runs), the initial stiffness of the

retrofitted columns were 0.71 (EI",..>. with prestressing and 0.50 (EIe...>. at the base

columns (no prestressing and discontinuous added reinforcement). The initial

stiffness of the interior and exterior beams were 0.32 (EI..). and 0.23 (EI..)••
respectively. The analytically predicted damage state was similar to the

experimentally measured and observed.

3. The damage evaluation indicated moderme - "repairable" damage to the first story

beams. The retrofitted interior and unretrofitted exterior columns of the first floor

remained within a minor - "serviceable" damage state. The overall damage indices

were 0.14 and 0.32, respectively after the moderate and severe earthquakes, which

imply minorlmoderme damage states. These are considerably less than the original

building under the same earthquakes.
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4. The strength reduction factors from inelastic response were comparable to the

inelastic design values from UBC (1991) for the severe shaking only (near ultimate

strength capacity). However for the moderate earthquake. the code based design

reduction factors from lJBC (1991) do not relate well with the experimentally

observed.

S.2 Conclusions on Retrofit of GLD RIC Structures

Based on the proposed concrete jacketing retrofit of the critical interior columns. the following

conclusions can be made about the behavior of this particular type ofretrofit forGLD RIC frame

structures during earthquakes:

I. Structural retrofits can be designed to successfully enforce strong column - weak

beam behavior.

2. Damage can be significantly reduced in the columns by transferring the inelastic

behavior to beam hinging.

3. Tominimize additional foundation loads the strengthening should seek to toughen

rather than stiffen the base columns. Thus the added rebars in the columns can be

discontinued at the foundation leading to only a slight increase moment demand

at the foundation.

4. Inaccurate identifications of member propenies in non-linear time history analyses

can lead to large deviations in response predictions. Since experimental data are

not available in actual structures. in extreme uses. component testing can be used

to identify the initial member propenies for analytical models. In other cases

rational proponions of virgin propenies may produce satisfactory results.

5. Stiffening and strengthening only selected critical columns can provide adequate

control of the response behavior. However the integration of locally retrofitted

members must be such to control the overall global response.

6. Repair and seismic retrofit of a moderately damage structure is a viable economic

and structural alternative as compared to demolition and reconstruction ofanother.

However. economical aspects must be carefully checked.
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1011 :'i18K. (I'RIl'J-17444:'i/AS).

NCEER-KK-(l14' "Nons..lIonary Models (If SeismIC': Ground A~lerallon." by M. Gngonu. S.E. Ruiz and E. Rosenblueth.
7/1518K. (PRINI8%17/AS).

NCEER-lIl1·Ul44 "SARCF User's GUide: Selsml~ AnalysIs of Remfon;cd C~rete Frames:' by Y.S. Chung. C. Meyer and M.
Shm",uka. IIN/KK. (I'RK9-1744:'i2lAS)

NCEER-KK-U14:'i "FIrSt Expert Panel M«lJng on o.saster Resear~h and Plannmg." edited by J. Pantel" and J. Stoyle. 911:'i188.
(I'RKY·174460/AS)

NCEER-KK-0146 "Prehmlnary Studies of the Eff~t of l>egrlMimg Infill waUs on the Nonlinear Seismic Response of Steel
Frames:' I>y C.Z Chrysostomou. P. Gergely and l.F. Abel. 12I191ll8. (PB89-208383/AS).

NCEER-KK-0147 "Rell1for~cd Con~rete Frame Component Testmg Facility - Design. Construcllon. InsbUrnentallon and
Operatum:' I>y 51'. Pessllu. C. Conley. T. Bond. P. Gergely and R.N. WhIte. 12/16/l18. (PBIl9·174478/AS).

NCEER-K'J-fUII "Elfells of l'rotedlve Cushion and Soil Comphancy on the R"SpunK of Equipment Within a SeismICally
Ex~J1ed RuJldmg." I>y l.A. HoLung. 2116/89. (PB89-207179/AS).

NCEER-Il9·fO02 "StallslIeal Eva1uallCm of Response Modifi<;81lOn Factors for RemforceJ Concrete Sll\K;lUres," by H.H-M.
Hwang and loW. Jaw. 2/17/89. (pB89-207187/AS).

NCEER-Il9-0XH "Hysteretic Columns Under Random Ex<;itabon." by G-Q. CII and Y.K. Lm. 1/9~. (PB89-1%:'iI3/AS).

NCEER-Il9·(Xl(14 "Expenmental Study of 'Elephant Foot Bulge' lnstahihty of Thm-Wallcd Metal Tank.... by Z-H. Jla and R.L.
Kcner. 2/22/89. (PBIl9-207I Y:'i/AS).

NCEER-K9-nX}:'i "Expenment on Per10rmance of Burled Pipelines Aero..s San Andreas Fault," by J. Isenberg. E. RIChardson
and TU. O'Rourk 3/10/89. (PB89-2184401AS).

NCEER-K9-0X16 "A Knowledge-Based Approach to SlnJctural Design of Earthquake-Resistant Building.... by M. Subramani.
1'. Gergely. C.H. Conley. J.F. Abel and A.H. l.achw. 1/15/89. (PB89-218465/AS).

NCEER-Il9-0007 "Llquefao.:tlOn Hazards and Their Effects on Buried Pipelines." by T.D. O'Rourke .00 P.A Lane. 2/1/89.
(PB89-218481 ).

NCEER-89-<XXJ8 "Fundamentals of System ldenbficalJon in Structural Dynamics," by H. Iml1, C·B. YIUI, O. Muuyama and
M. ShUKlluka. 1/26/89. (PB89-207211/AS).

NCEER-89-exXl9 "Effects of the 1985 MichollClll Earthquaite on Water Systems and Olhcr Buried Lifelines in Mellco." by
A.G Ayala and MJ. O·Rowt.e. 3181l19. (PB89-207229JAS).

NCEER-89-ROIO "NCEER Bibliography of Eanhquake Education Materials," by K.E.K. Ro••. Second ReVISion. 911~. (PB90
1253~2/AS).

NCEER-Il9-mll "InelastIC Three-Uimensional Response Analysi. of Reinfon;ed Con~rete Building
Structures (lOARC-3D). Pan 1 . Modeling." by S.K. Kunnalh and A.M. Reinhom. 4/17/89. (pB90
114612/AS).

NCEER-8')-OOI2 "Recommended ModifICation. to ATC·14." by C.D. Poland IIIId J.O. Malley. 4/12/PIJ. (PB90-I<lI648JAS).

NCEER-8')-OO13 "Repair and Slrenathening of Beam-to-Colurnn Connections Subjected to Ellthquake l..oatina," by M.
Corazao and A.I Durrani. 2/1.8/19. (PB90-I09885JAS).
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NCEER-Il9-1lI14 "1'r0lUam EXKALl lor lJenhf,<:ahon 01 SlJ1K;lUral DynamIc Systems," by O. Muuyama. C-8. Yun. M
Hush,)'a and M. ShIl101UU. 5/1IJ/1I9, (PR<,I().I(]9I177/AS).

NCEEK-Il9·0l15 "R""l"ll1so: of Frarm:s With R"Ik.'d SemiRigid ConneclK>n5, Pan I - Eltpenmental Study and Analytical
I'ro:dl<:hons'" hy 1'.1 OCorso, A.M. Retnhorn. 1.R. Dldr.erson. JB. RlldltmtnsU and W.L. Harper, 6/1/89.10
!le J'lIhhshed.

NCEERIl90llft "ARMA M""ll: Carlo Sunulabon III l'robablhsiK; Slnr.;tural Analysl5," by P.U. Spanos and MP. Mlgn"let,
71l0/!!'J. (I'R<ilI-llMl'J3/AS).

NCEER -119-1'017 "I'rehmmary l'rou,o:umgs trom the Conlere"", on Ulsasll:r I'reparedness - The PI..e of Earthquake Edocabon
III Our S<:h'K,ls'" Edlll:d hy KEK Ross. b/23/fN

NCEER·Il9-1lI17 ··I'r.,.;eedmgs from Ihe Conferenu: un DIsaster Preparedness. 11K: PllIU' of Earthquake Ed....alJllfl tn Our
5<:h. .. ,h,'· Edited hy K.E.K. Ross. 12I31fll'l, (1'890-207895). ThIS repon IS avallahle only through NTIS (see
address given ahove I.

NCEEK-1I9-0l11l "Mullldlmenslllflal Models of HyslerelK; Malenal BehaVIOr for VIbration AnalySIS uf Shape Memory Energy
Abstllhmg o.:"I<:es. hy E.1 Craesser and F.A. Couarelh, 6{1/89, (I'R90.164146/AS).

NCEER·K9·1Xl1'J "Nonhncar lJynamK: AnalysIS of Three·Uunell5KlIlal Rase Isolated Struclures (]U·BASIS),·· hy S_ NllIaraJllrah,
A.M_ Kemh.,m arKl M.C ConslanIJrK1u, 8/3/8lJ. (pB90·16l936/AS). This report IS avarlable only thrnugh
NTIS (see address given ahove)

NCEEK·Il9-(XI20 "SlJ1K;tural COnlrol Consldenng Tllne·Rale of Control For",s and Conllol Rail: C"IlSllarnts," by F.Y. Cheng
and CI' I'anlehdes. 8/3/89. (P890-120445/AS).

NCEERIN-1lI21 "Suhsurface CondllJllns of Memphis and Shelby County," by K.W Ng, T-S. Chang and H-H.M. Hwang,
712t>f1l'J, (I'R90-120437/AS)

NCEER ·1l9·0l22 "SelSml~ Wave l'Topa88lmn Effects on Stralghl Jomted Buried P1pehnes.·· by K. Elhmadl and M.1. O·Rourke.
8124/89, (I'R90-16n22/AS)_

NCEEK·Il9·11123 "Workshop on S~rvJCe&b11lly Analy51J of Water Dehvery Systems," edIted by M. Grigonu. 3/6~, (PB\}()·

I27424/AS).

NCEER·IN·m24 "Shakmg Table Study of a 115 Scale Steel Frame Composed of Tapered MembeB," by

KC. Chang. J.S. Hwang and C.C. Lee. 1J/18/89. (PB90-I60I69/AS).

NCEEK·IN-0025 "UYNAI U: A Computer Program for Nonlinear Seismic Site Responlle Analysis. TechnICal Documentalion."
by lean H. Prevost. 9/14/89. (PB90-161944/AS). ThIS report is nailable only throlJgh NTIS (1ICiC address
given above).

NCEER·89·11126 "1:4 Scale Model Studies of Active Tendon Systems and Active Mass Dampen for Aseismic Protection," by
A.M. Remhom. T.T. Soong. R.C. Lin, Y.P. Yang. Y. Fubo, H. Abe and M. Nabl. 9/15/89, (PB90
17J246/AS).

NCEER·89·0027 "5cal1enng of Waves by lncluslOIII in a Nonhomopaeous Elastic Half SpKe Solved by Boundary Element
Methods," by I'K. Hadley, A Aabr and A.S. Cakmak, 6/15/89. (PB90·145699/AS).

NCEER·89-OO28 "Slahslt..1Evaluation of Denection Ampbficalion Faclon for Reinforced Concrete Structures. .. by H.H.M.
Hwang, J.W law and A.L. Ch'na, 8/31/89. (PB90-1646JJ/AS).

NCEER-&9-OO29 "Bedrock Acceleralto~ in Memphis Area Due lO Large New Madrid Earthquatn." by H.H.M. Hwang. C.H.S.
Chen and G. Yu. 11{1189. (P890-1623JOJAS).
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NCEER-l\'JIX'30 "Selsmu; BehavIOr and Respon&e Sensitivity of Secondary SlnlclUral Systems." by Y.Q. Chen .. td T.T. Soong.
10123/89. (pB'JO..I64658/AS).

NCEER-II9-0031 "Random Vlbrauon and Relilbllity Analysis of Pnmlf)'-Sewndary Str\K,1ural Systems." by Y. Ibrahun. M.
Gngoriu anJ 1.T. Soong. 11110/89. (PB90-161951/AS).

NCEER-II9-IXJ32 "Proceedmgs from the Second U.S. - Japan Workshop on Liquefac;tion. Large Ground Ilefonnallon and Their
Effects lin Llfdines. September 26-29. 1989." Edned by T.D. O'Rour~e IIld M. Hamada. 1211/89. (PB90
20\,l31l8/AS).

NCEER-l\'J-m33 "Iletermmlst'" Model for SeismiC Damage Evaluation of Reinforced COnl:rete SllUl;tures." by J.M. Brk-<.:I.
A.M. Remhorn. J.B Mander and S.K. Kunnath. 9.'27/89.

NCEER-l\'J-IX'34 "On the Relahun Between Lol:al and Global Damage hldil:es." by E. DiPasquale and A.S. Cakm_. 8/15/89.
(PB90-173865).

NCEER·IN-0l35 "Cyclic Undramed BehaVIOr of NonplastK; and Low PlastK:ity SJlts," by AJ. Walker and H.E. Stewart.
7126/89. (PR90-183518/AS).

NCEER-1I9-0036 "Llquefll(;uon Potential of SurfK:w Deposits in the City of Buffalo. New York.." by M. Budhu. R. GIeIC and
L Bawngrass. 1/11/89. (PB9Q..208455/AS).

NCEER-89-(l)37 "A IletermmistK.: Assessment of EffQ;\5 of Ground Motion Inl:Ohcrcnu." by A.S. Veletaos and Y. T1I18.
7/15/89. (P890-164294/AS).

NCEER-II9-L038 "Workshop on Ground Motion Parameten for Seismic Hazard Mappmg.'· July 17·18. 1989. edited by R.V.
Whitman. 12/118'J. (pB90-173923/AS).

NCEER-II9·W39 "SeISmiC EtfCl:ls on Elevated Transit Lines of the New York City Transit Authonty." by CJ. Costantino. L.A.
MaUer and E Heymsfield. 12126/89. (PB90-207887/AS).

NCEER-lI9-0040 "Centrifugal Modelml! of Dynamic Soil-SlnlCltlre lnlCl1lCtion," by K. Weiuman, SupervillCd by J.H. Prevolt,
5/10/89, (PB90-207879/AS).

NCEER-1I9-0041 "Lmeanzed IdentifK:alion of Buildinp With Cora for Seismic Vulnerability AalCSlmenl," by I-K. Ho and
A.E. Attan. 11/1/89. (PB9Q..2S1943/AS).

NCEER·90-IDH "Ccotechnical and Lifeline: AapcaJ of the~ 17. 1989 Lorna Prieta Earthquake in S... Fnnciloco: by
T.D. O·Rourke. H.E. SteW1I\1, P.T. B1Ickbum IIId T.S. J>iQcnn.... 1/90. (PB9Q..2OIIS96r'AS).

NCEER-90-OOO2 "Nonnonnal SecondaIy RcsponllC Due 10 Yieldin, in a Primary SlnK:tUR," by D.C.K. Chen .ld L.D. LuIG.
2/28/90. (PB90-2S1976/AS).

NCEER·90-IDB "Earthquake Educltion Mllerials for Grades K-12," by K.E.K. Ron. 4/16j9!J. (PB91-113415/AS).

NCEFR·'X)-OO)4 "Catalog of Strool! Motion Slalions in EIItcm North America: by R.W. B_by.4/3I9O. (PB9Q..2519M)jAS.

NCEER-~-OOO5 "NCEER Stronl!·Mooon Data Bue: A UIIa' Manual for the GeoB.. Reieue (Venion 1.0 for the Sun3)."
by P. Friberg and K Jacob. 3/31190 (PB9Q..25l10621AS).

NCEER-~..(XX)6 "SeismIC Hu.-d Al0"l! a Crude Oil Pipeline in lbe Event of ... ISll·1812 Type New Madrid Elnhquke:
by H.H.M. HWIllI and C-H.S. Chen. 4116/9O(P89Q.25I054).

NCEER·9Q.00}7 "Slle-Spec1fIC Response Spectra for ManphiJ Sheahan Pumpina Slalion," by H.H.M. HWIIlI and C.S. Lee.
5/15190. (PB91·10881l/AS)
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NCEER·<JO.(XJOll "PIlot Study on Selsml~ Vulnerahthty of CllIde (hi Transmission Systems," by T. Anman, R. Dobry, M.
GfI~onu, F. KOZIn, M O'Rourke, T. O'Rourke lllld M. Shtnozuu. 5/25/90. (PB9l·I08837/AS)

NCEER·<JO·o)O<J "A Pr0llrilm to Generate SlIe Oepcndt:nt Ttme Hrstnnes: EOGEN," by G.W. EIIt~, M. SnnIvasan and A.S.
Cakmalr., ]RO,NO, (PR91·IOIUI29/AS).

NCEER·<JO·CXJlO "A~lJve IsolatIOn for Selsmil: !'rotecllon of Operaling Rooms," by M.E. Talbott. Supervised by M. Shlllllluka,
f1/8flJ, (l'B')I·1 1020:'i/AS).

NCEER <J().(X')} I "I>ro~am LINEARIU for Idenllfll:allon of Lmear Structural L>ynamil: Sysle,ns," by C·B. Yun and M
Shmoluka. 6/2.~f<J(J, (pB<JI·I ImI2/AS).

NCEER·<J()-UJl2 "Two·J)lmensHmal Two·Phase Elasto·Plastic Setsmll: Response of Earth Uams," by A.N.
Ylallos. SUpervlSeJ by J.H. Prevost, 6/20/'JIl, (1'891·1I0197/AS).

NCEER-<J(I.mn "Scl,;ondary Systems m Ba.se·lsolated Structures; Ellpenmental InvesllgalJon. StochastK: RL-sponse and
S\I""hastl\; Sensitivity." by GD Manohs. G. Juhn. MC COR.slanllnou and A.M. Reinhom, 7/1190, (PB')l·
Ilm2o/ASl.

NCEER<J(I·lUI4 "Scl~m\l; RehavHlr of Lightly-Reinforced CoocreteColumn and Beam-Column Joint Uetails," by S.P. PesslkJ,
C.H. Conley. P Gergely and RN. White. S!22NO. (PB91-108795/AS).

NCEER-<J()·<Xll:'i "Two Hyhnd Contrul Systems fur BUlldmg Strul:tures Under Strong Eanhquakes," by J.N. Yang and A.
Uamellans. 6/2<J/'I,J, (pR<JI-1253<J3/AS).

NCEER·<J(I.(WI16 "Instantaneous Optimal Control with AlX:eleration and Velocity Feedback," by J.N. Yang and Z LI. 6!29,NO.
(P891-125401/AS).

NCEER-90-IXll7 "Reconnaissance Repon on the Nonhern Iran Earthquake of June 21, 1990," by M. Mehralll. 10/4/90, (PB91
I 25377/AS)

NCEER-<J()·OOI8 "Evaluallon of LI'Iuefa<:uon Potential m MemphIS and Shelby County," by T.S. Chang, P.S. Tang, C.S. Lee
and H. Hwang. MONO. (pR91-125427IAS).

NCEER·90·0019 "Expenmental and AnalytI<.:a1 Study of. Combined Slkhng Dis<: Bearing and Helical Steel Spnng Isolation
System." by M.e. Conslantinou, A.S. Moth. and A.M. Remhom, IO/4m, (p891-12S385/AS).

NCEER-<J()-<XJ20 "Experimental Study and Analytical Prediction of Earthquake Response of a Slidmg Isolation System with
a Spbencal Surface," by A.S. Mokha, M.C. Constantinou and A.M. Reinhom. 10/1IflX>, (P891·1254191AS).

NCEER·90-<XJ21 "Dynamic In!eraclion Factors for Floatmg Pile Groups:' by G. Gazcw, K, Fan. A. Kayrua and E. Kausel.
9/IOIQ(J. (PR91-1703811AS).

NCEER-90-0022 "Evaluation of SeISmic Uamage Indices for Reinforced ConcrclC Suuetures," by S. Rodriguez-Gomez and
A.S. Cakmak. 9130/90, PB91·171322IAS).

NCEER·<J()·OO23 "Study of Site Response at a Selcc!ed Memphis Site:' by H. Desai, S, Ahmad, E.S, Gazew and M.R. Oh,
IO/IINO. (PB<JI·I96857/AS).

NCEER-<J()-OO24 "A User's Guide to Strongmo: Venlon 1.0 of NCEER's Sb'ong·MoliOll Daia AcQcSi Tool for PC. and
Terminals," by P.A Fnberl! and C.A.T. SlIS\;h. 11115190, (PB91-1712721AS)

NCEER-90-(X)25 "A Three-Dimensional Analytical Study of Spalial Vanability of Seismic Ground Motions," by l-L. Hong
and AH·S. Ang. 10130/90. (PB91-170399/AS).
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NCEER·YO·(XI26 "MUMOID User's GUide· A Program for lhe ldenlJrlcalJon of Modal ParamelelS," by S. Rodri guez·Gomel
and E. l>1Pasquale, 9/30/90, (PR91-17129R/AS)

NCEERYO·(KI27 "SARCFII User's GuKk . Seismic Analysis of Remforced Concrele Frames," by S. RodrI guez·Gomez, Y.S.
Chung and C Meyer. 9/30/90. WRYI·l7l280/AS).

NCEER·'10·IKl211 ··VISCOUS Dampers: Testmg, Modehng and Application in Vibration and Seismic lsolabon," by N. Makris and
Me Constanllrk'u, 12/20/'1() (PR91-IYO'i6l/AS)

NCEERYlI-IKl29 "Soli Effects on Earth'luak" Ground Motions 10 the Memphis Area." by H. Hwang. C.S. Lee. K.W. '., and
T.S (,hang.ll/2NO, (PR91-1<XJ751/AS)

NCEEKY l-lO II "I'roceedmgs from the Third Japan-U .S. W,'rkshop on Earthquake ReSistant 1>I:sIgn of Lifeline FacllilJeS and
Counlcrmt:asur"s for SOIl Llquefacuon, December 17-19. IY90." ",bted by TL>. O' Rourke and M. Hamada.
211I91,II'R\ll·IN2'iYlAS).

NCEER·YI·(012 ·'Physlcal Space Solutions of Non·Proportlonally Damped Systems," by M. Tong. Z. Liang and G.C. Lee.
IWIN!. (pBYI·I1':1242/AS).

NCEER·YI·lun '·St:lsmIC Response: of Smgle PII"s and P.le Groups," by K. Fan and G. Guetas. 1/10/91. (PB92-114~/AS).

NCEER·YI·IU14 "Dampmg of SIru<:(Ures: Part I . Theory of Complex Dampmg." by Z. Liang and G. Lee, 10/10/91. (J>B92
1'17B5/AS).

NCEER·YI-IU)'i "3D· BASIS . Nonhnear J)ynamlc AnalySIS of Three DimensIOnal Base Isolated Structures: Pan II." by S.
NaguaJalah. A.M. R"tnhorn and M.e Constantmou. 2128/91. (PB91-190553/AS).

NCEER-YI·(016 "A MullldlmenslllOal Hysteretic Model for PlastICity Deformmg Metals in Energy AbliOrbing Devices." by
EJ. Graesser and F.A. Cozzarelh. 419191. (PB92-IOR3b4/AS).

NCEER-':II-IXI07 "A Framework for Customlzable Knowledge-Based ExpeJ1 Systems wilh an Application to a KBES for
Evaluatmg tbe St:lsmll: Resistance of Existing Buikhngs," by E.G. Ibarra-Anaya and SJ. Fenves. 4/9/9\.
(I'B91·2IClYJO/AS).

NCEER-YI OOOS "Nonhnear AnalySIS of Steel Frames with Semi· Rigid Conl*:tions Using the Capacity Spectrum Method,'·
by G.G. Deu:rlem, S·H. HSieh. Y-l Shen and IF, Abel. 7M\. (PB92·113828/AS).

NCEER-91-00JY "Earthquake Education Materials for Grades K-12," by K.E,K. Ross, 4130191. (PB9l-2l2l4UAS).

NCEER·Yl.(XlIO "Phase Wave Velocities and Dtsplacerne'lt Phase Differax;es m a Harmonically OIiCillallng Pile," by N.
Makris and G. Gazeta. 7/819\. (P&92-108356/AS).

NCEER-91-0011 "lJynamJ<o: Charactcrisllcs of a FuU·SIZe FiveSlOry Steel StnK:ture and a U5 Scale Model," by K.C, Chug.
G.C YlIO. G.C. Lee. D.S. Hao and Y.C. Yell," 712191.

NCEER·91-0012 "St'lsmlc Response or a 215 Scale Steel Structure with Added Viscoelastil: Dampen," by K.C. Chan,. T.T.
Soong, SoT. Oh and ML Lai. 5/17/91 (PB92-II0816lAS).

NCEER-91-0013 "Earthquake Response of Retammg WaDs; FuU-SuIe Testing and Computational Modehna." by S. Alarnpalh
and A·W.M. Elgamal. 6/20/91. to be published.

NCEER-91-0014 "3D-BASIS-M: Nonhncar Dynamic Analysis of Mulliple BuildilllB_ bolated Slr\IC:llRI." by P.C, TlOpcl.,
s. Naglll'ajaiah, M.C. Constantinou and A.M. Reinhom, 5/28191, (PB92·11388.5/AS).
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NCEER-92-0J07 "Enguleenns Evlluatlon of Permanent Ground DefOmll1lOnli Due to ScianiWly·lnduced liquefaction," by
M.H. BlILlar, R. Dubry and A·W.M. ElgamaL 3(24/92, (PB92-222421/AS).

NCEER.92-0Xlll "A Pro.;edure for the Setlill1ic EvalUllion of Bulldi"'li in !he Central and Eastern Uniled SlaIeIi." by C.D.
Poland and J.O. Milley. 4/2192. (PB92-2224391AS).

NCEER-lJ2-<XX)I} "Expenmental and Anllytlcal Study of a Hybrid Iiiolation SYlilem Uliill8 Friction Controllable Sliding
Bearings," by M.Q. Feng. S. FUJi.! and M. Shanozuka. 5m/92, (PB93-1502821AS).

NCEER-92-0010 "'SeIsmIc Resistance of Slab.column Connectxms In EJllsltng Non-Ductile Aat-Plile Buildings," by AJ.
!."......Anl and Y. Du. 5/18/92.

NCEER·lJ2-0011 "The Hyster"t", and ()ynan,K Behavior of Brick MlI50nry Wallii UPiradcd by FcmK:ement CoalUtgs Under
Cydll; LuadIOS and Strong Simulated Ground Motion," by H. Lee and S.P. Prawel, 5/11/92. 10 be published.

NCEER·lJ2-0012 "Study of Wife Rupe Systems for Seismic ProleCtion of Equipment in Buildings." by G.F. Dernettiades. M.e.
Constantlnou and A.M. Remhorn, 500/92.

NCEER·92·0013 "Shape Memory Structural Dampers: Malerial Properties, Design and SeianlC Tealt",." by P.R. WIlting and
FA COlzarelli. 5/26/92

NCEER·lJ2·0014 "Longltudmal P"nnanent Ground Defonnation Effeeu on Buncd ConlinllOus Pipelines." by MJ. O'Rourke.
and C. Nordberg. 6/15/92.

NCEER-92-0015 "A Simulation Method for Stationary Gaussian RIIIIdom FUft';tions Bued on the Sarnplinl Theorem:' by M.
Gngoriu and S. Balopouloll. 6/11/92. (pB93·1274961AS).

NCEER-92-0016 "Gravity·Load·Designed Rcinfon;cd Concrete Buildings: Seismi&: Evaluation of Exilling Construction and
Detailtng Strategies for Improved Seismic Re:sislartCe," by G.W. Hoffmann. S.K. Kunnllh, 1.B. Mander and
A.M. Remhorn, 7115/92, to be published.
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