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PREFACE

The National Center for Earthquake Engineering Research (NCEER) was established to expand
and disseminate knowledge about earthquakes, improve earthquake-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 [, Basic Research, is carried out 1o
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 | ELEMENT Il ELEMENT M
BASIC RESEARCH APPLIED RESEARCH DEMONSTRATION PROJECTS
« Selsmic hazard and + The Buliding Project Case Studies
greund metion + Active and hybrid control
+ The Nonstructural - Howmpital and data processing
» Solls and gsotechnicai Components Projsct facilities
enginsering + Shori and medium span
+ The Lifelines Pro [ > bridges
= Struciures and systems joct - Watsr supply systems In
. - The Bridge Project Memphis and San Francisco
Risk and reliablilty Reglonal Studies
» Protective and : mol::rl:ﬁt\tlyﬂlo
tell t . y
Inteftigent systema = San Francisco Bay Area
- Socletal and sconomic

= VU

MPLEMENTATION

« Conferences/Workshops

» Education/Training courses
« Publications

+ Public Awareness

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

i



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-art report on unreinforced masonry.

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

1. Continued testing of lightly reinforced concrete external joints.

2. Continued development of analytical tools, such as system identification, idealization,
and computer programs.

3. Perform parametric studies of building response.

4. Retrofit of lightly reinforced concrete frames, flat plates and unreinforced masonry.

5. Erhancement 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 report is the second of a two-report series summarizing research on the retrofit of rein-
forced concrete buildings that had been designed only for gravity loadings. The firss report is
concerned with reduced-scale column, beam-column, and beam-column-siab specimens which
were retested after rewrofit. 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 jackering and post-tensioning of the columns and slab fillets
around the columns. The failure mechanism was successfully changed 1o a desirable weak-beam
and strong-column failure.

iv



ABSTRACT

This report is Part 11 of a two part series on the evaluation of seismic retrofit methods for concrete
frame structures. It deals with the behavior of the entire structural system when several retrofit
techniques are applied to individual components. An analytical and an experimental study was
done onr a scaled model of a structure and several retrofit techniques were evaluated. Part [
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 report.

Inthisreport the evaluation of three retrofit techniques, i.e., concrete jacketing method, masonry
jacketing method. and partial frame masonry infill, is presented based on an analytical study of
retrofitting a typical lightly reinforced frame designed according to ACI 318-B9 only for gravity
loads (1.4D + 1.7L).

The jacketing technique is further evaluated based on an experimental and analytical study using
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 portions 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 Part | of this report 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 part of a comprehensive research program sponsored by the
National Center for Eanthquake Engineering Research (NCEER) on the seismic damage
assessment and performance cvaluation of buildings in zones of low seismicity, such as in the
Eastern and Central United States. Buildings in such zones arc typically designed only for
gravity loads (U = 1.4D + 1.7L, herein referred to as GL.D) according to the non-seismic detailing
provisions of the code. Thesc building are also termed lightly reinforced concrete (LRC)
structures throughout this study. Although such structures are designed without consideration
of lateral loads, they still pessess an inherent lateral strength which may be capable of resisting
some minor and moderate earthquakes. However the deficient detailing of members can lead
10 inadequate structural performance during seismic activity.

Two main parts from the current study (i) a seismic performance Evaluation of gravity load
designed R/C Frame Buildings and (ii) an evaluation of seismic Retrofit of R/C frame structures.
The first part will be mentioned as Evaluation and the second as Retrofit.

A research program on the Evaluation of the seismic performance of gravity load designed
R/C 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 El-Attaretal., 1991a and 1991b), a one-third scale model was constructed
and tested on the shaking table in the State University of New York (SUNY) at Buffaio
Earthquake Simulation Laboratory. The prototype design, model construction and similitude,
initial dynamic characteristics, shaking table testing program along with the simulated ground
mations, and the elastic response of the model from minor base motions arc presented in Part
I of the Evaluation Report Series (Bracci et al 1992b). Based on this report, analytical models
can be developed and used to predict the inelastic response of the model building during more
severe earthquakes.
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Companion reduced scale slat-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 10 the testing of the
model building. The results of the component tests were used to identify the behavior of localized
members and subassemblages of the structure and the member propenties for predicting the
overill response of the model building with analytical tools.

The experimental and analytical performance of the model building during moderate and severe
shaking is presented in Part 1l of the Evaluation Report Series (Bracei et al., 1992b). The
analytical predictions of the model building during these earthquakes are presented based on
member behavior developed from engineering approximations and component tests. Some of
the conclusions of the evaluation study are that the response of the model is governed by weak
column - strong beam behavior and large story drifts develop under moderate and severe
earthquakes. A one-eighth scale model of the same prototype building was also constructed
ang tested at Cornell University by El-Attar et al. (1991b) as part of a collaborative study with
SUNY/Buffalo. A compurison 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 retrofil
techniques for R/C frame structures typically constructed in low seismicity zones (scc
Fig. 1-1). Based on the seismic behavior of the one-third scale model from the previous study,
a series of retrofit schemes were proposed for improved seismic resistance and presented in this
report which is Part 11 of the Retrofit Report Serics.

In Part] of the Retrofit Repont Series (Choudhuri et al., 1992) of this research program, a capacity
analysis and redesign method for seismic retrofitting of R/C structures is developed and tested.
Retrofit using an improved concrete jacketing technique was selected and first performed on
companion components. The retrofitted components were then tesied under quasi-static
reversed cyclic loading and used 1o identify the behavior of the individual members. Retrofit
of the components was also performed to verify the constructability of the retrofit technique for
the model building.

The work done in Part | of the Retrofit Report Serics is used as base to evaluate and model the
member properties of the beam column components with the concrete jacketing technique and
15 used further for predicting the response of the overall retrofitted model building with analyses
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presented in this report, which is Part Il of the Retrofit Report Series. Based on analytical
estimates, a global seismic retrofit for the one-third scale model building was proposed and
constructed. Anexperimental and analytical shaking table study of the retrofitted model building
was then conducted and the response behavior is presented. The main conclusions from this
study are that seismic rewrofit of gravity load designed R/C frame buildings: (i) can be designed
to successfully enforce 4 strong column - weak beam behavior; and (ii) is a viable economic

and structural alternative as compared to demolition and reconstruction of another.
1.2 Overall Objectives of Research Program

The objectives of the overall research program are summarnized below along with the
corresponding NCEER publications from Table 1-1:

1. Investigate the performance and principal deficiencies of typical LRC frame
huildings during earthquakes through shaking table testing of a one-third scale
mode! under minor. moderate, and severe earthquakes. (Seismic Resistance of RIC
Frame Structures Designed only for Gravity Loads: Parts I and 111, Evaluation
report senies, by 1. M. Bracci, A.M. Reinhorn, and J.B. Mander)

2. ldentify the potential collapse mechanisms for typical LRC frame buildings.
(Seismic Resistance of R/C Frame Structures Designed only for Gravity Leads:
Part i1, Evaluation report series, by J.M. Bracci, A.M. Reinhorn, and J.B. Mander)

3. Determine the behavior and material properties of individual members and
subassemblages of the structure. (Seismic Resistance of RIC Frame Structures
Designedonly for Gravity Loads: Partll, Evaluation report series, by L.E. Aycardi,
J.B. Mander, and A.M. Reinhorn)

4. Determine the contribution of components in the overall response of the structure
near collapse. (Scismic Resistunce of RIC Frame Structures Designed oaly for
Gravity Loads: Paris I and 1{, Evaluation report series, by J.M. Bracci, L.E.
Aycardi, A.M. Reinhorn, and J.B. Mander)
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TABLE 1-1 NCEER Publications Summarizing Current Study

EVALUATION SERIES:

S I
Seismic Resistance of R/C Frame Structures Designed only for Gravity Loads :’

Part I: Design and Properties of a One-Third Scale Model Structure
(by J.M. Bracci, A.M. Reinhorn, and J.B. Mander), NCEER-92-0027

(1} ldentification of deficicncics of current enginecring practice.
(i} Scale modeling.
(n1} Expenimenual iwdentification of suwuctural characteristics.
(ivY Ground motions Tor suructural evatuaton and cxpenimental program.
Note: This report serves as hare material for evaluaton of analytical tools.

Part i1: Experimental Performance of Subassemblages
(by L.E. Aycuardi, J.B. Mande:, and A.M. Reinhorn), NCEER-92-0028

(1} Identify behavior and deficiencies of various components in struciures.
() ddentity member charactenstics for developing analytical models 1o predict the seismic response
of the vne-third scale model structure,
Now: This report serves as evaluaton of struciural charactenstics to be incorporatcd in the cvaluation
ol the cntire structural sysiem.

Part I11: Experimenial Performance and Analytical Study of Structural Model
(by J.M. Bracci, AM. Reinhorn, and 1. B. Mander) NCEER-92.0029

(1) Invesogale the performance and principal deficiencies of typical gravity load designed frame
buildings during canhquakes throegh shaking table testing of a one-third scale mode! under
minar, moderate and severe carthquakoes,

() Idenuty the notential collapse mechanisms for such typical frame buildings.

(ny Compare the measured response of the model building with that predicted by analytical models
developed from (1) engineering approximations, (2) component tests, and (3) an experimental
fit using a non-lincar tume history dynamic analysis,

Note: This report emphasizes the structural behavior, collapse margins via damage, and efficiency of
predictions using component propertics evaluated from tests.

RETROFIT SERIES:
Evaluation of Seismic Retrofit of R/C Frame Structures

Part I: Experimental Performance of Retrofitted Subassemblages
{by D. Choudhuri, J.B. Mander, and A .M. Reinhorn), NCEER-92-0030

() Presentation of retrofit technigues.
(1) ldenufy constructability and hehavior of retrofitied components.
(i) ldemify retrofitted member characieristics for developing analytical models to predict scismic
response of the retrofitted model building,

Partll: Experimental Performance and Analytical Study of Retrofitted Structural Model
(by J.M. Bracci, A M. Reinhorn, and J.B. Mander), NCEER-92-0031

{11 An analyuical scismic evaluation of retrofiued gravity load designed frame buildings using

various local and glohat retrofit technigues.

(i) Shaking table twsting al one of the proposed retrofit technigues on the 1/3 scale model under
nmnor, mokderaie, and severe carthquakes.

fun) Venfy a change i formation of the potential cotlapse mechanism under ultimate load from an
undesizable  column-sidesway/soft-story mechanism to a more desirablc  beam-sidesway
mechanism.

(1v) Compare the measured response of the retrofitied model building with that predicied by analyticat
models developed from cngineering approximations and component tests using a non-lincar
time 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 ime history dynamic analysis. (Seismic Resistance of RiC
Frame Structures Designed only for Gravity Loads. Part 11, Evaluation report
series, by J.M. Bracci, A.M. Reinhorn, and J.B. Mander)

6. Investigate appropriate local and global retrofit techniques for improving the
seismic performance of LRC buildings. (Evaluation of Seismic Rewrofir of RIC
Frame Structures: Part 1, Retrofit report series, by J.M. Bracci, A M. Reinhorn,
and J.B. Mander)

7. Investigate the seismic performance of the retrofitted model building and compare
the measured response with the response of the original (unretrofitted ) model from
the same earthquakes. (Evaluation of Seismic Retrofit of RIC Frame Structures:
Part I, Retrofit report series, by .M. Bracci, A.M. Reinhom, and J.B. Mander)

8. Determine the behavior and material properties of the retrofitted members and
subassemblages of the structure. (Evaluation of Seismic Retrofit of RIC Frame

Structures: Part I, Rewrofit 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 of Seismic Retrofit of
R/C Frame Structures: Part I, Retrofit report series, by D. Choudhuri, J.B. Mander,
and A M. Reinhorn)

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: Fart 11, Retrofit repont
series, by J.M. Bracci, A.M. Reinhorn, and J.B. Mander)

1.3 Background to Present Study

The ensuing sub-sections provide a brief summary of some of the previously tested retrofit
techniques for R/C structures.
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1.3.1 Epoxy Injection Repairs

A form of repair for R/C members damaged by minor 10 moderate earthquakes is the epoxy
repair technigue. Two suitable techniques for repairing cracks are (1) the epoxy impregnation
and (i) pressure injection methods. Wolfgram-French et al. (1990) showed that both methods
cun restore member stiffnesses 1o about 85% of the original stiffness and the member strengths
can be fully resiored 1o the original strength capacity. It was also shown that both methods can
restore the energy dissipation capacity and rebar bond strength of the damaged member

specimens.

Although both of these methods can locally restore the stiffness and strength to members of the
structure, the overall structural response still remains the same in event of future strong ground
motions. similar to the one that caused the existing damage. Therefore, an upgrade (retrofit)
for seisnue protection of the structure can not be accomplished by using the epoxy injection
techniques to the damaged R/C members,

1.3.2 Steel Jacketing

Circular and rectangular steel jacketing can be used to increase the flexural strength, ductility,
and shear capacity of existing vulnerable columns. Chai et al. (1991) performed experimental
cychic tests on (0.4 scale models of circular bridge columns retrofitted by encasing the critical
hinge regions with a steel jucket and bonded with concrete grout. Experimental venfication of
the increased flexural strength. ductility, and energy dissipation was achieved by the additional
comtinement from the jacker,

Beres et al. (1992) performed experimental cyclic testing using a ste 21 jacketing retrofit of full
scale interior and exterior joints with discontinuous bottom beam reinforcement and without a
slub. The retrofit of the interior joints was directed at preventing pull-out of the bottom beam
reinforcement. The resulting damage was transferred from the embedment zone to elsewhere
in the joint panet. Whereas the retrofit of the exterior joint was directed at preventing splice
farlure in the column, spalling of the concrete cover of the joint, and pull-out of the bottom
beam reinforcement. The resulting plastic hinge formed in the joint panel zone near the top of
the beam. The sieel jacketing schemes were proposed for zones of moderate seismicity.



1.3.3 Concrete Jacketing

Concrete jacketing has been widely used in repairing, strengthening, and improving the ductility
capacity of damaged reinforced concrete columns: Beu et al. (1985); Iglesias (1986),
Stoppenhagen and Jirsa (1987); Krause and Wight (1990); and many more. An existing
vulnerable column isencased in a concrete jacket with additional longitudinal and closely spaced
transverse reinforcement (for shear and confinement) to satisfy the required bending moment,
shear force, and ductility demands. Mander et al. (1988a and 1988b) showed that substantial
enhancements of compressive strengths can be achieved in heavily loaded columns with
adequate confining sieel.

Beu et al. (1985) performed several forms of concrete jacketing retrofit to short columns. Their
general results were similar to those described above.

Stoppenhagen and Jirsa (1987) constructed a 2/3 scale model of a moment resisting frame 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 (i1) the lateral capacity of the rewrofitted frame was 5 times greater
than the original.

Krause and Wight (1990) constructed a 2/3 scale model of a 2 story R/C frame with a column
jackeung 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 Techniques

The previous section provides a brief summary of some of the previously tested retrofit
techniques for R/C structures. The appropriate seismic retrofit techniques for low-nise gravity
load designed R/C frame structures would need 10 upgrade the structural strength and ensure
life safety during seismic events. Epoxy repair technigues can not provide the required strength
capacities to properly retrofit structural systems toresist earthquakes. Steel jacketing techniques,
mainly used for increasing the member shear and ductility capacitics, can only provide 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
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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 earthquakes. However constructability problems
associated with the tightly spaced added transverse reinforcement may arise.

In this study, a global rewofit 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 report is Part [1 of a two part series on the evaluation of seismic retrofit techniques for
reinforced concrete frames. In this report, scveral local and global retrofit techniques are
propased for repair and enhanced seismic resistance of gravity load designed reinforced concrete
frame 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 properties from engineering approximations. One global retrofit alternative is selected
for the structure based on the anzlytical seismic performance and retrofit constructibility. The
retrofitted model was then tested on the shaking table under the same moderate and severe
earthquakes previously performed. It is shown the retrofitted model performed adequately and
was governed by a desirable strong column - weak beam behavior during the shaking.

Analytical modeling is based on integrating the identified member properties from original and
retrofitted component tests and is used 10 interpret and predict seismic response of retrofitted
model buildings. An analytical damage evaluation of the retrofitted model is also performed
10 assess structural integrity after the induced ground motions in terms of damage states.

The performance evaluation of the sclecied technique is donc using the performance of
individually retrofitted components studied in Part I of this report series. An analytical study
was done using the information from individual components.

The following outlines the contents in each section of Part 11 of Rewofit Repont Series (this
report):

Section 2 summarizes the assessment of scismic damage states for typical R/C frame structures,
followed by a discussion of the seismic local member damage versus global failure mechanisms.
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Several local and global retrofit methods for GLD 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
maodel according 1o the analytical evaluation. The initial dynamic charactenstics of the retrofitted
model are also presented and compared with the previously damaged state of the model before
retrofit.

Section 4 details the experimental performance of the retrofitted model during moderate and
severe carthquakes. 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 1 of Retrofit R:zport Series), is used 1o 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
rerrofitted model from the earthquakes is presented along with the concluding remarks on the
seismic excitation of the retrofitted model.

Section § provides a summary of the experimental and analytical studies and concluding remarks
canceming seismic retrofit of gravity load designed R/C structures.
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SECTION 2
RETROFIT OF GLD R/C 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 (Armenia, 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~y content, 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 t0o
small to warrant retrofitting? The seismic retrofit (upgrade) of an undamaged structure to
adequately absorb the seismic forces of an unexpecied future earthquake can potentially be an
cxpensive proposition. In the Eastern United States and other low seismicity zones, it may be
very difficult to convince owners and/or government officials to invest in such retrofit of
structures, except possibly for special structures. To address this dilemma, the study herein
focuses primarily on relatively inexpensive retrofit techniques that can be applied to either
damaged or undamaged structures in low to moderate scismicity arcas. The same structural
retrofit may also be required to guard against other hazards which produce large lateral locads
such as hurricanes, tornados, and blasts.

2.2 Assessment of Seismic Damage States for R/C 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 required for further serviceability and for safety to the community. Inthis study, consideration
will only be given to R/C frame structures and the damage which typically occurs in these
structures from earthquake forces. The following classifications define darage states and limits
along with a descriptive condition of a structure following an earthquake:
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(b)

()

(d)

minor damage - ''serviceable” condition. For this classification, the extent of
damage to the structure may vary from no damage to slight cracking of the R/C
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 ¢xception of some patching {possibly epoxy injection
which is described later) of the minor cracks in the structure.

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
cracking in both the structural and non-structural elements. During the repair, the
structure, or part thereof, may or 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 a future strong ground
motion (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 construct another. Nevertheless for a moderately
damaged state, it is assumed that the retrofit of the structure is possible and more
economically beneficial.

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 R/C 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 individuals from the possibility
of falling debris and the nisk 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 for a very strong earthquake, when life safety is the greatest
concerm.

partial or full callapse. For completeness, 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 R/C 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 R/C frame model described in
the preceding sections.

In gencral after strong shaking, all structures should be thoroughly inspected by an engineer
and if necessary analyzed for the capability of resisting future ground motions. Nextif required
and desired, several 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 state. [nlow seismicity 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 carthquakes by
studying the local and global damage of various typical struciural members and components of
R/C buildings, especially in moderate seismicity zones where some major carthquakes caused
widespread damage and collapse of non-seismically designed structures (Armenia 1990).

The following discussions are related to the expected damage in R/C structures, not designed
to withstand scismic loadings (GLD structures). Some of the lecal member damage
concentrations (or failures) that can develop in GLD R/C 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) Flexurgl failure from steel yielding and concrete crushing, which is desirable in 2
global failure mechanism.

(ii) Shear faifure from beam hinging due to minimal transverse reinforcement. This
corresponds 10 a loss of moment capacity in the beams which can lead to large
floor displacements under seismic as well as service loading.

(b) Columns:

(1) Flexurgl failyre from steet yielding and concrete crushing, which is undesirable
in a global failure mechanism.

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

and confining stee! results in a lack of member ductility, which can result in the

development of an undesirable local column failure (hinging).
(it1) Lap splice 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 spalling which leads to compression failure and an undesirable column
failure.

(c) Beam-Column Joints:

Jpinis from the unexpected positive moments. This localized failure results in an
overall structural stiffness degradation that leads to large story deformations in
event of future ground motions.

(ii) Jointshear failure may occurdue to lack of or inadequate joint shear reinforcement.
The glohal consequences are similar to (i),



(i) Sliding bord (gilure of the beam reinforcerment in the joints from localized crushing
of the concrete due to repeated inelastic cycling.

(iv) Spalling of tie concreie cover in the exterior beam coligmn joinis. 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 1o 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

vasic collapse mechanisms for R/C structures are shown in Fig. 2-1 and are outlined below:

(a) Column-Sidesway/Soft-Story Coliapse Mechanism
(b) Beam-Sidesway Collapse Mechanism
(c) Hybrid Coligpse Mechanism - 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
R/C 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-scismic detailing practice results inherently in a
weak column - strong beam construction. Due 1o low strength, lack of member ductility resulting
froma lack of seismic detailing, and the high degree of seismically induced bending moment,
local htnging can develop in the columns. Such local column hinging can lead to the undesirable
development of a structural column-sideswayisaoft-seory (Fig. 2-1a) collapse mechanism. These
global failure mechanisms are well documented from past earthquakes and result in a brittle
{non-ductile) sudden collapse of structures. A beam-sidesway mechanism is ideally the
preferred mechanism since energy is dissipated more efficiently by plastic hinges in the beams,
Park and Paulay (1975), and the vertical loads can still be transfer through the undamaged
columns.
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FIG. 2-1 Collapse Mechanisms for the Model Structure
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2.4 Concerns and Expected Seismic Damage of GLD R/C Frame Structures

Some of the concerns of gravity load designed R/C frame buildings during earthquakes are: (i)
Insufficient strength to stay within a functional stage and avoid large inelastic deformanons;
(i) Danger of severe loss of life due 10 non-structural damage, such as windows, blocks, ceiling
tiles, etc.. due to large deformations; and (iii) Small margin of safety against total structural
collapse.

It was shown in a previous report (Bracci et al., 1992b) that the columns of the low-rise GLD
R/C frame model building were heavily damaged, ranging from moderate to severe damage
states, from the simulated shaking 1table ground motions. An incipient
column-sidesway/soft-story collapse mechanism was evident 1n the response during the
simulated motions. This type of damage is alsoexpected 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 desirable strong column - weak beam behavior inherently exists. However the
columns in the upper stories of high-rise buildings coniain smaller amounts of gravity loads
and can be vulnerable 10 weak column - strong beam behavior during seismic activity, as the

behavior in tow-rise buildings.

In zones of low to moderate seismicity, the probability of occurrence of a severe earthquake is
very small. Due 1o the concerns and expected (or actual) seismic damage in GLD frame
buildings, seismic retrofit should focus on strengthening the columns such thai they are stronger
than the beams to enforce a more desirable beam-sidesway mechanism (Fig. 2-1b) and avoid
the mare dangerous sofi-story mechanism (Fig. 2-1a). This rewofi will force the local damage
from the vulnerable columns o 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 bearmns 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 in a 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 Joads. However, column stiffening may have
an adverse effecl 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 carefully designed and balanced in the overall
(global) structural context.
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2.5 Local and Glabal Retrefit Methods for GLD R/C Structures

In Section 1, several local repair and retrofit (upgrade) techniques previously performed and
tested were identified in a lierature survey. In this section, several 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.
2.5.1 Improved Concrete Jacketing

An improved concrete Jacketing method. shown in Fig. 2-2, is proposed to satisfy some of the
deficiencies of columns integrated in a gravity load designed R/C frame building. This retrofit
technique 15 outlined below:

1. Encase existing columns ina concrete jucket with additiona! longitudinal and transverse
reinforcement. For the upper columns of the structure where an increased strength is
the main retrotit objective. the increased column 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 objective is not to increase moment strength but to increase the shear and
ductility capacities, since the foundation is presumed 10 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. 2-1b). Therefore instead of strengthening these
sections and possibly altering the desirable mechanism, a hinge can aiways 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 basc 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 longitudinal high strength column reinforcemen:. 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 1o the concrete for anchorage. The
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longitudinal reinforcement is post-tensioned vertically. 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. Posi-tensioning the added high
strength reinforcement has the following beneficial aspects on the composite section:

) 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 1o ensure compatibility of the section,

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

reinforcement to deter pull-out.

Provide a reinforced concrete filler in the unreinforced heam-column joints for: (a)
enhunced joint shear capacity; and (b) anchorage for the discontinuous beam
reinforcement. In addition 10 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 thercfore forced 1o 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 abie 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 unretrofitted
beam section. The dimensions of the fillet are designed from the reau’red 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 smalier distance of cither the
beam height or 500 mm. from the column face. Buchanan (1979) reported on the
construction of New Zealand's tallest concrete building which uses spandrel beams with
the potential beam hinges maved toward the center of the span. Paulay and Priestley
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(1992) also summarized some of this work. Al-Haddad and Wight (1986) analytically
studied the effects of moving the plastic hinge locations in beams. According 10 their
conclusions, it is suggested to locate the potential plastic hinges in the beams
approximately one beam depth away from the column face. This enables the joint core
10 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:

Choudhuni et al. (1992) (see Part 1 of the Retrofit Report 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 1 for details). It was observed that the column
stiffnesses, strengths. and ductilities were dramatically increased. Severe damage was
trunsferred to the beams and slab with primanly elastic behavior in the columns. Thus the
desirable beam-sidesway mechanismdeveloped 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 1o 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 (f, = 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 f,,). 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 rewofit on 2 in. cubes, it is found that the concrete used in the jacket (Set-45) has
characteristic properties 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 existing concrete
columns. Since the special high strength concrete provides good bond to the existing concrete
column, the retrofitied section can be idealized as a 6 in. square reinforcemeni concrete section
with four layers of stcel, two existng and two presiressed. For a conservative design, a
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homogencous concrete strength of 5.0 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 smrength 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 total) 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
10 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
corresponding dead loads for the prestressed section are smaller due to the applied compressive
forces from prestressing. Although the effective capacity is somewhat smaller in the prestressed
columns, the additional column and joint shear capacity, the uniformity of strains, and improved
bond of the rebars in the joint are important benefits of retrofit,

From the prestressed section in Fig. 2-4a, it can be observed that the moment capacity of the
retrofitted secuion without any axial load is abeut 110 kip-in, which is precisely the moment
capacity observed in the component test, Choudburi et al. (1992). Considening prestressing
with the additional axial force from the dead loads (1otal of about 45 kips), the moment capacity
is determined to be about 130 kip-in (for a first story upper interior column). It was shown by
Bracci et al. (19924 and 1992b) that a first story interior column had an over-strength capacity
of about 44.0 kip-in. Therefore, the bending moment strength of retrofitted column is increased
about 200% 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 corresponding
beams considering slab steel contributions from the full slab width and no pull-out cffects (99
kip-in and 65 kip-in for the negative and positive beam moments, respectively). Duc to
disproportionate distributions of moments during higher mode response of frame buildings,
ACI-318 requires a 20% increase in factored design column strength as compared to the design
strength capacity of the beams. This corresponds to neminal column strengths of about 71%
stronger the beam capacities with a strength reduction factor ¢, = (.7 and 115% stronger if
beam overstrength is considered. Therefore the column retrofit may not1 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 zone.
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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 developed based on a 6 in. square
section with only the two existing lavers of steel. It can be observed that a moment capacity of
the base column is 70+ kip-in. In comparison with the unretrofitted 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 retrofitted to remain
primarily elastic, the non-seismically detailed beam-column joints must also remain clastic 1o
avoid an undesiruble jount 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 bhased shear capacity of the concrete, V,. is defined as:

N |
Vo= - f\j 2.1
: [] * S000a, [V b4 2.1

where N_ = Factored axial load normal to the cross section

£
b, = web width
d

= specified compressive strength of concrete

= distance from extreme compression fiber to centroid of longitudinal wension
reinforcement

Therefore using Eq. (2.1), the unretrofitted joint shear capacity from the concrete according to
ACI-3181s 2.6 kips. Since this is expected 10 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 forces 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:

. 4
V =, + T)-(C, + r,)l-% +[(C, +T) +(C, + T,)l'i-} (2.2a)
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z
V=C,+T,)-(C + T,)]-% +[(C,+T)+(C, + T,)]*ﬁ (2.2b)

where C,. C, = internal rebar compression forces, top and botiom, respectively

T,, T, = internal rebar tension forces, top and bottom, respectively

z, = Distance between positive (bottom) and negative {top) beam reinforcement
. = Distance between story mid-heights

v’

v

Shear force at mid-height of the top column

L

Shear force at mid-height of the bottom column

Note that for symmetrically reinforced beams, V= V',
The maximum shear force occurring in the joimt, V,,,, can be descnibed as follows:
1 z
Vow =10, + T,) +(C, + T))-5 +1(C, + T) +(C, + T,)]-ai 23)

The dependable concrete shear strength, V, from ACI-318 for prestressed members is the
smallerof V, and V_ below:

V, = [3.5 f + ().SjE)b_,d for uncracked sections (2-4a)
: VM, _ .
V, = ().6\/?( bd + ™ tor cracked sections (2-4b)
but not less than:
V. 2 1.7Vf bd 2-4c)
where V, = factored shear force at section due 10 externally applied loads occurring

simultaneously with M,
M., M., = cracking moment and maximum factored moment at section
f.. = 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 terms of the

maximum joint shear force and the dependable concrete shear strength as follows:
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Vo=V -V (2.5)

Joun ¢

The reguired joint steel area in the fillet, A,,, can be determined as follows:

A, == (2.6)

where £ = transverse hoop yield strength

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

T, = 3Af = C, (2.7a)
T, = 2Af = C, (2.7b)
where A, = area of a D4 rebar (0.04 in.?)

J, = 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 Eqgs. (2.7a) and (2.7b) into Eqs. (2.2a) and (2.2b), the column shears can be
represented as follows:

5A,f,z,
/e
5A.f.z,
l

V= Af +

(2.8a)

V=-Af+ (2.80)

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

54,12,
0

V.. = SAf (29)

Therefore the maximum required joint shear capacity is about 15.2 kip (note the unretrofit joint
shear capacity is 2.6 kips). Considering a 1otal axial force of about 45 kips from dead and
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prestressing loads and b, = 14 in., the dependable concrete shear capacity from Eq. (2.4) 15 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? and f, = 82 ksi) in the fillet is calcuiated as: A, =
(111 in” (2.75 legs). Therefore the provided joint reinforcement used for retrofit of the model
is two (4 legs) unannealed D4 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 ransverse reinforcement for the rewrofited columns, the required spacing of the added
transverse hoops can be determined from ACI-318 as follow:

Z'A:llfbhd
Spy = — (2.10)
where d = distance from the cutermost compression fiber to the center of the longitudinal

reinforcement in the beam

A,, = area of added hoop reinforcement

fa = yield strength of the added hoop reinforcement
V. = required shear strength

In the analytical study in the next sub-section, it is shown that 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 ga. 11 black hoop reinforcement (see Bracci et al., 1992a for
properties), the required spacing for the shear reinforcement in the basg columns with no
prestressing is obtained as 1.6 in. The provided spacingis 1-1/2in. (1.5in.). In the prestessed
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 concretc
into the columns and continuity of the longitudinal reinforcement. Construction
process requires formwork 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 carthquake. Therefore
each story of the structure, or part thereof, would temporarily 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 marerial, including transverse reinforcement, is
required.

2.5.2 Masonry 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 umform
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 zonc for a
beam-sidesway mechanism (see Fig. 2-1b), transverse 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 o
prevent shear cracking in the bed joints and ensure continuity of the masonry and existing

concrete column section.

For the scaled model structure presented in this study, the existing 4 1n. 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 matenals, concrete and masonry, are
considered in an interaction diagram (f,, = 1.2 ksi, f. = 4.0 ksi} based on the compression depth
ataparticular load. Itshould be noted that the strength of the composite section will be governed
by the quality of the work by the contractor. However, conservative estimates of material
strengths are used for design. The suggested additional longitudinal reinforcement is 3/8 in.
diameter threadbars with a yield strength of 120 ksi. Note that the added reinforcement and
otal prestressing force (32 kips) used for the masonry jacketing is identical with the one for the
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 proportional with the strain profile in the concrete. Fig. 2-7a shows
the interaction diagram for the masonry jacket column retrofit based on the composite section
of masonry blocks and the exisnng 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 1s about 160 kip-in,
which is about a 25(0% increase in strength from the original column. The retrofitied column
strengths at a first story interior beam-column joint are about 95% stronger than the beams
nominal capacity, which ts 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 observed as 80.0 kip-in from Fig. 2-7b, which is about an 80% increase n
strength from the original column,

For the beam-column joinis, the added thin wire mesh and transverse reinforcement in the block
joints may be designed 10 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 of the 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 improved 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 casy.

{(b) Since the masonry block themselves are used as formwork for the grout, no
additional formwork, except for the fillet (if needed), is required for the retrofit.

(€) Access in the structure would be limited only in areas of retrofit. Therefore each
story of the structure should be temporarily closed when retrofit of that story

calumns are being worked on;

(d) The method leads to small reductions of the clear span (5-1/3 in.) for the retrofitted
hay of the model. This span reduction, quantified above for the model, corresponds
1o a 16in. (1'-4") span reduction of a 18 fi. bay in the prototype building.

2.5.3 Partial Masonry Infill

Masonry and R/C infill walls have been widely 1ested at universitiesfresearch institutions and
constructed in practice for increasing the stifiness and strength of structures to control story
displacements from high wind loads and other natural forces, including seismic loads. Some
of these investipators include: Benjamin and Williams (1958); Stafford Smith and Carter (1969);
Esteva (1966); Fiorato, Sozen, and Gamble (1970); Klingner and Bertero (1976); Kahn and
Hanson (1976); Parducci and Mezzi (1980); Priestly (1980); Bertero and Brokken (1983);
Krause and Wight (1990); and many more. Most new low to medium rise construction of R/C
buildings in the Eastern and Central United States have such walls. Infill walls can also be
constructed to retrofit an existing damaged (or undamaged) R/C building for improved structural
stiffness and strength, thereby reducing story displacements. High shearis placed on the columns
and beam-column joints potentially leading 10 a premature snap-through failure in an existing
column. An architectural disadvantage of using an infill wall retrofit 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 retrofit can be suggested for low o 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 infill 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
existing 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 extends 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- 1b). 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

existing concrete columns for added shear strength and confinement, as shown in Fig. 2-8.

For the scale model considered in this study, 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 partial infill method is identical as in the ather methods. However since the
reinforcement provided is twice the other methods, the prestressing force per bar is only half
of the other methads. 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 R/C
column with a total prestressed force of 32 kips. Therefore with the prescribed axial dead loads,
the partial infill retrofitted columns for the first story of the model have a bending moment
strength of 450 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 important to note that the moment
strengths of the retrofitted 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 capacity 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 he 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)

{h)

(<)

(d)

The construction require holes cut through the slab for pouring of concrete grout
and continuity of reinforcement.  Construction process is very simple and
cconomicilly beneficial.

No formwork is required for the retrofit, since the masonry block themselves can

be used as formwork for the grout.

Access in the structure would be limited only in areas of retrofit. Therefore each
story of the structure would emporarily be closed when retrofit of that story
columns are being worked on;

A clear span reduction of 16 in. (17-4") for the retrofitted model bay. This span
reductions corresponds to a 48 in. (4 ft.) span reduction of a 18 ft. bay in the
prototype building.

2.5.4 Summary of Design Process

This sub-section summarizes the aforementioned design methodologies developed in Part |

(Choudhun et al., 1992) of the Retrofit Repont Series. Note that in each scenario there is a

parallel set of steps that progress through the design process.

CONVENTIONAL CAPACITY DESIGN CAPACITY ANALYSIS AND

REDESIGN

Step I: Longitudinal Beam Reinforcement

D.1 Flexural design of beams: R.1 Flexural check of beam strength

distribution:

Beams are designed and proportioned for The anchorage of the  positive
moments which are a result of applying the reinforcement at the beam-column joint
moment redistribution process to the elastic connections  should be particularly

design code actions, Beam plastic hinges are considered. If the bottom bars are
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generally located at the column face and
adequately detailed fur duciility. From the
actual reinforcement provided, the beam
flexural overstrength capaciry is assessed.
This s used in beam shear and column strength
design.

discontinuous, then a means of providing
dependable positive moment capacity needs
to be devised for enhancing seismic
resistance. A beam-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 by providing shear strength
Jor the entire beam to be greaser than the shear
corresponding to the maximum possible
flexural strength at the plastic hinge region of
the beam. The underlying premise being that
inelastic shear deformations do not provide the
exsential

characreristics  for  energy

dissipation.

R.2 Check of shear strength:

It may not be the intent to bring beam shear
capacity up 1o 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
the beam

overstrengths. This ensures a weak beam -

is computed by considering

strong column failure mechanism. It should be
the beam  flexural
overstrengths are determined and then an
additional allowance is made to account for

mentioned  that

possible higher-mode siructural response.
From the actual longitudinal reinforcement

R.3 Flexural
columns:

strength redesign of

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 R/C section. If
the imposed axial load due to gravity for the
upper story columns is less than the optimum

amount, prestressing can be applied to the
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provided, the flexural capacity is assessed.
This is used in the next step for column shear
design.

upper story columns. The cracking surface
for the prestressed columns is plotted 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 combination of column
end overstrength momenis, the maximum
possible shear force in the columns is
computed. Transverse shear reinforcement is
provided over the entire column height.
Additional shear steel andior confinement or
antibuckling steel is generafly required in the

potential plastic hinge zone.

R.4 Transverse reinforcement detailing
for the redesigned columns:

For the lower story R/C columns. step D.4
applies for the shear steel design. For the
upper
prestressed concrete code equations to
determine the shear resisted by the concrete.

story PSC columns, use the

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 5: Beam-Column Joint Reinforcement

D.5 Detailing of the beam-column joint:

The beam-column joint is a poor source of
energy dissipation and thus needs 1o be
derailed to resist the high shear input from the
beam and column actions. In this step. the
designer should ariemprio keep the joint elastic
by reducing, if not eliminating, any inelastic
deformation due 1 the joini shear forces and
hond deterioration.
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R.5 Detailing of the beam-column joint:

Check that there is adequate longitudinal
beam bar anchorage through the joint core.
Since the length of the joint fillet has been
decided instep 1 of the redesign, the designer
should to detail the fillet
reinforcement in this step. The joint may be

attempt

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 R/C Structures - Analytical Evaluation

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 ceniain 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 ct al.
(1990), with structural parameters described from engineering approximations to obtain an
assessment of the effectiveness of integrating "the parts into the whole™.

The objective of the analytical study is to first evaluate the seismic response of the existing
model to anodher 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 partial 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; smress 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. (1992b) in Part 1lII of the Evaluation Retrofit Series that a
considerable amount of inelastic deformation and damage formed in the mode! during the
moderate and severe ground motions. It was also shown that the analytical modeling using
IDARC adequately predicts the response characteristics obtained in the experimental tests
performed on the model. IDARC, therefore, is used again as an analytical tool to evaluate the
strength of the model to resist another strong ground motion with further member stiffness
deterioration. Consecutive runs of the moderate (0.20 g), severe (0.30 g), and another future
severe {(0.30 g) earthquakes 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 cutlines
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 fromthe previous
shaking table test (TFT_30) are presented along with: (i) the analytically calculated structural
response for this test; and (ii) the analytically predicted structural response for a future occurrence
of severe ground motion. For comparative evaluations, the Taft N21E 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 TFT 30 (also see Bracci et al., 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
or collapse 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.'ation with Proposed Retrofit Methods

Since the model was assessed as a moderately damaged structure (Bracci et al., 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, 2 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). El-Attar et al. (1991b) 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 first
story columns for the concrete jacketing alternative. Note that full fixity may create foundation
problems. Nevertheless, a special connection 1o the foundation would be required to obtain the
increased bending moment capacity.

The initial column stiffnesses used in the analyses are different for the various retrofit techniques
and are chosen as 1.0 El, and 0.7 EL,, respectively for the concrete jacketing and masonry retrofit
methods. [t was shown by Bracci et al. (1992a) that the initial column stiffnesses usedin STAAD
to match the first period of the R/C madel were 0.565 (El,),. Also to fit the experimental
response, the initial column stiffnesses were abeut 0.60 (EL,),. However since post-tensioning
is applied in the proposed rewrofit alternatives, the equivalent member stiffncsses are expected
10 be in the range from 0.8 10 1.0 (El}, from the higher axial loads . However since the concrete
used in the jacket has superior bond adhesion to the existing column, the full EL 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 (El,.,), is considered appropriate. These initial
member stiffnesses are assurmed 10 be uniform throughout the height of the structure. At the
lower first story columns with the partial base fixity (discontinuous rebars and no prestressing).
the respective equivalent stiffnesses used are 0.5 EL. 0.5 El,, and 0.33 EL,, 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) suggestranges
for an effective moment of inertia between 0.7 1, and 0.9 I, for heavily loaded columns and
between 0.5 1, and 0.7 I, for columns with axial loads of about 0.2 f, A_. Therefore comparable
initial column stiffnesses are approximated for the retrofitted columns.

Since the beamns developed only minor damage from the previous shaking, the initial stiffnesses
of the beams are about 0.45 (El,,), in the analytical study. Note that this beam stiffness is
similar to the enginecring approximations used for the undamaged building by Bracci et al
(1992b). Since the exterior columns were moderately damaged from the previous shaking, the
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initial stiffnesses used in the unretrofitted exterior columns are about 0.27 (El,),. Notc inat
this is a reduction of about 30% from the initial propentics used in the experimemal fit from the
previous shaking.

For development of the hysteretic rule, a post-cracking stiffness of EI/2 is assurmed for all retrofit
methods. The yield strengths of the beams and columns are 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 columnns 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; (i1} (1.1 for the strength degradation
factor; (iii} 1.0 for the warget 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 platform program IDARC, Kunnath et al. (1990), was used tocarry out the inelastic analysis
for a severe earthquake (Taft N21E (.30 g) based on member behavior developed from
engineening 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 .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 from 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 to 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 the beams for all the retrofit methods are well beyond yicld, but not

beyond ultimate capacity. Note the large beam moment demands with the retrofit methods as
compared o the analytical beam moment demands of the unretrofitted building. Also note that
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due to the reinforced fille1 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
climinated.

For the columns, the extent of yielding varies depending on the global retrofit scheme applied.
For the schemes using the weak base retrofit {weak link 1o 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 of strong base retrofit, large moment
demands in the lower first 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 colurn 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 i.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 form 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 determined 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 global/local alternatives were suggested for retrofit of R/C frame structures: (1) improved
concrete jacketing; (ii) masonry jacketing; and (iii) partial masonry infill. These three techniques
were evaluaied analytically in global context on the damaged three story R/C 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 clastic beam-column joint behavior, a reinforced
concrete fillet was also provided in the retrofitted joints. Post-tensioning of the added
longitudinal reinforcement was proposed to increase the shear strength and thus avoid additional
transverse reinforcement 1o improve the constructability of the retrofit.  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:

(1) Stiffening of the structure causes a shift in natural frequency which is in the vicinity
of major acceleration amplifications for the Taft N21E accelerogram. 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
partly 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
by 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 R/C MODEL

3.1 Introduction

In Section 2, the local and global seismic concers for and expected damage in typical GLD
R/C frame buildings were discussed and verified in a previous experimental study (Bracci et
al., 1992b). Based on these concemns and the expected damage for such buildings and the
previous experimzntal damage, three seismic retrofit methods were suggested and analytically
verified for the 1:3 scale R/C frame model building.

In this section, one of the suggested retrofit technigues is selected to repair and upgrade the 1:3
scale GLD R/C frame model building for an additional experimental shakingtable study. Retrofit
construction is described and performed on the model. The shaking table testing program for
the retrofitted model, along with induced base motions, is presented. The initial dynamic
characteristics of the retrofitied 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 zone, eic. 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 selected 1o retrofit the model structure. Although the retrofit of all columns
was shown to provide somewhat better control of the inter-story drifts, a minimal retrofit of
only the interior columns provides adequate seismic performance, especially for low to moderate



scismicity 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 retrofit of the model. The amount
of work and structural disturbance isminimal. The completed retrofitted model with the required
additional weights for mass similitude are shown on the shaking table in Fig. 3-1c.

3.3 Testing Schedule of Retrofittied Model

Table 3-1 shows the shaking table testing program for the retrofitted model structure. For
comparison purpases, the two ground motions are selected using the Taft N21E accelerogram
scaled to (.20 g and 0.30 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 -I

1 172892 { WHNR_B Compensated White Noise, Identification
PGA 0.024 g

2 1/29/92 | WHNR_C Compensated White Noise, Identification
PGA 0.024 g

3 172942 | TFTR_20 Taft N21E, Moderate Earthquake,
PGA0.20¢g Inelastic Response

4 1/29/92 | WHNR_D Compensated White Noise, Identification
PGA0.024 g

5 1/29/92 | TFTR_30 Taft N21E, Severe Farthquake,
PGAC30g Inelastic Response

6 1/29/92 | WHNR_E Compensated White Noise, Identification
PGA0.024 ¢

— .
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FIG 3 1 Stages i the Tepros ed Conerere Jucketing Retrotit of the Model.
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FIG. 3-1h Stages in the Improved Concrete Jucketing Retrofit of the Model (cont )
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FIG . 3 1o Stages i the Imprined Conerete Jacketing Retrotit ol the Model cont™d)



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 charactenistics of the retrofitted 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. Itcan be observed
from comparison 1o the properties of the original structure that the modal frequencies increase
approximately 130%, 150%, and 210%, respectively due to the retrofit. Variations in the modal
shapes can be detected before (WHN_F) and after (WHNR_B ) retrofit, while the participation
factors remain primarily constant, The addiuonal stiffness in the interior columns that change
the structural system can be held accountable for these changes. It is also worth noting that
some characteristics of non-linear/inelastic response are observed in the transfer functions from
the muluplicity 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 befare
and after retrofit from Table 3-2. The unretrofitted model experienced large inelastic
deformations and had considerable 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 suffness 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 third 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:



S N (3.1)

where f, = first mode natural frequency from WHNR_B (after retrofit)

f; = first mode natural frequency from WHN_F (before retrofit)
= first story stiffness from WHNR_B
first story stiffness from WHN_F

Ranll o
W

Fig. 3-3 shows the story shear versus inter-story drift historics 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
(1/28/92). The next day (1/29/92), 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. The natural frequencies, modal shapes, modal
participation factors, and equivalent viscous damping factors are calculaied and tabulated in
Table 3-4. 1t can be observed that the natural frequencies are reduced by 5.0%, 2.1%, and 0.3%,
respectively from the induced white noise shaking table excitation and/or the lowering and
lifting of the shaking table. Although itis considered that this reduction is minor. Comparable
modal shapes and participation 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 _C from Table 3-4, which indicates the occurrence of some non-linear cracking behavior
in the model due to the white noise excitation.

The updated stiffness matrix and story stiffnesses of the modet, 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 matrix 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 stiffncsses 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
constdered insignificant for the strong base motion testing.
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TABLE 3-2 Dynamic Properties and Stiffness Matrix before and after Retrofit

WHN _F (before retrofit) WHNR _B (after retrofit)
Natural 1.20 278
Frequencics f =376 f =| 9.38
(Hz.) 5.27 16.75
Modal 100 -086 -0.46 100 -086 -051
Shapes P ={075 064 1.00 ¢ =079 048 1.00
0,33 100 -094 042 1.00 -0.89
Maxdal .43 0.44
Participation I, =7 0.14 r,=1 012
Factors -0.07 -0.07
Damping 7.0 3.0
Ratios £ =[23 £ ={19
(%) 1.8 13
Suffness 233 248 07 2052 -2386 716 F
Matrix K,=|-248 456 -224 K, =|-2386 4214 -2782
(kip/in) 0.7 -224 510 71.6 -278.2 4327
Story 24.8 238.6
Stiffnesses k =[224 k =|2782
(kip/in) 28.6 154.5
R———

T{\BLE 3-3 Low Amplitude Initial Stiffnesses from the Shear versus Inter-Story Dnift

Histones
Story WHN_F WHNR_B
{kip/in) (kip/in)
Third 14.3 100.0
Second 14.3 100.0
First 27.8 113.2




TABLE 3-4 Dynamic Properties and Stiffness Matrix of the Retrofitted Structure from

WHNR_B and WHNR C

WHNR_B WHNR _C
Natural 278 2.64
Frequencies f =| 9.38 f =918
(Hz.) 16.75 16.70
Modal 1LOO -086 =051 100 -086 -049
Shapes ®, =079 048 1.00 =079 045 1.00
042 100 -089 044 100 -0.83
Modal 0.44 044
Participation I' ={ 0.12 = 011
Factors - ()()7 - 007
Damping 3.0 4.7
Ratios E=|19 E =18
(%) 1.3 1.6
Stiffness 2052 -2386 1989 -2382 652
Martrix K, =| -2386 4214 -2382 4385 -279.1
(kipfin) 71.6 -278.2 65.2 -279.1 4046
Story 238.6 238.2
Stiffnesses k =|2782 Kk, =|279.1
(kipfin) ' 154.5 1125.5
—

TABLE 3-5 Low Amplitude Initiai Stiiinesses irom thic Shear versus Inter-Story Dritt

Histories
Story WHNR_B WHNR_C
(kip/in) (kip/in)
Third 100.0 96.8
Second 100.0 96.8
l First 1132 109.1
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{c) First Floor
FIG. 3-3 Story She:r versus Inter-Story Drift Histories for WHNR_B
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3.5 Summary Discussions

The rerrofit method selected for the damaged model is the improved concrete jacketing of the
interior columns with a weak base retrofit. This retrofit rechnique: (i) provides satisfactory
control of response from seismic forces; (ii) is easy and inexpensive to construct; (iil) requircs
minimal material that is readily available; and (iv) is a feasible retrofit for the model bu:'ding.

From the white noise excitation of the retrofitied 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 of about [ 30%. 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 decreasc is attributed to the effect of prestressing which
ensures the columns behave in an uncracked linear-elastic state.

The testing of the retrofitted model under simulated earthquakes is planned to verify:

(1) A change in formation of the potential collapse mechanism under ultimate load
from an undesirable column-sidesway/soft-story mechanism to a more desirable
beam-sidesway mechanism,

(2) A reduction of inter-story drifts due to additiona! 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
4 sausfactory structural performance and joint behavior.

(5) Constructability and economical aspects.
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SECTION 4

PERFORMANCE OF RETROFITTED R/C MODEL DURING
EARTHQUAKES

4.1 Introduction

In Sections 2 and 3, an improved concrete jacketing method was proposed and analyzed for
retrofit of the one-third scale three story R/C frame mode! building. The retrofitted model was
tested according to the schedule in Table 3-1.

A moderate base motion, the Taft N21E acceterogram with the peak ground acceleration (PGA)
scaled 10 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 N21E 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 compenent tests and used to analytically predict
the story response during induced base motions. Damage quantifications are obtained
analytically for the retrofine- structure for the moderate and severe earthquakes. An elastic
analysis is performed for identification of equivalent strength ratios to the inelastic response.

4.2 Response to Moderate Earthquake

A mouderate carthquake, the Taft N21E accelerogram scaled for a PGA of 0.20 g, was used 10
excite the retrofitted model (herein referred to as TFTR_20). Figs. 4-1a and 4-1b show the
desired and achicved lateral shaking table acceleration motions for TFTR_20. Fig. 4-1c shows
a short segment of the desired and achieved shaking table motions. Inidally the desired and
achieved motions are similar. However after 11 seconds, the table became erratically unstable
causing high frequency accelerations. The excitation gain of the shaking table was immediately



lowered and 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.
Jt 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 examinzd for the effect on the resulting structural response. The
vertical response on each side of the 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 obscrved near 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 cast frame columns for table motion TFTR_20. It can be
observed from the exterior columns that the ransverse 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 1o 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 further examined individually for cach load cell in Section 4.2.2.

Therefore itis 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 10 control this torsional motion. However the input
torsional effects are still minor with respect to the lateral and the overall response is not
excessively affecied 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 nex1 section.
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4.2.1 Global Response

Fig. 4-5 shows the average siory displacement time histories of the east and west sides of the
model during moderate earthquake, 1est TFTR_20. Note that the story displacement historics
on the cast and west sides of the model are comparable but slightly out-of-phase. The variations
of recorded displacements between the cast and west frames 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 portion of the story
displacements and shear forces, respectively. 1t can be observed that the story displacements
and shear torces are moving in phase. Figs. 4-8a and 4-8b show the story displacements, shear
torces. 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 building for the moderate earthquake is governed by the first mode of vibration.

Table 4-1 summarizes the maximum results for story displacements, inter-story drifts, story
shear forces, story | ads, anu peak story accelerations for each floor of the model for THFTR _20).
It can be observed that the maximum inter-story drifts are 1.37%, 0.80% and ().33% of the story
height, respectively for the first, second and third stories. The maximum inter-story drifts for
the unretrofitted building tested by the same moderate carthquake were £.33%. 1.07%. and
(0.54% of the story height, respectively (Bracci et al., 1992b). Therefore the retrofit did not
influence the first story drifts, bui reduced the second and third 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
buse shear force for the retrofitted model (20.6 kips) is 25.0% of the total structural weight W,
whereas the base shear for the unretmfitted model was 15.2% W. Also note in Table 4-1 that
there are story acceleration amplifications of 18.2%, 50.0%, and 72.7%, respectively for the
tirst. second, and third stories of the retrofitted building, as compared to the little amplification
in the unretrofitied building.
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TABLE 4-1 Maximum Response for Moderate Earthquake 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 (.80 16.2 99 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
fortest 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 kip/in for each floor and are compared with the achieved secondary stiffness from the
severe shaking 10 detect any changes due to continued inelastic deformations and strength
deterioration in the members of that story. Note that since the third story is primanly 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 1n this section.

Fig. 4-10a shows the time history of the energy balance for the model during TFTR_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_2(}). The increase in the input energy is a result of the
stiffening of the structure from the retrofit. Fig. 4-10b shows the hysteretic and viscous damped
energies of each floor of the mode! as 25.5 kip-in, 15.0, kip-in, and 1.5 kip-in, respectively.
This corresponds 10 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
floorin the retrofitied model. Itisinteresting to note that the total hysteretic and viscous damped



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, velocitics, and accclerations
for the energy balance.

4.2.2 Local Response

Fig. 4-11 shows the induced lateral shear forces in the interior and exterior first story columns
(base shear) for the moderate shaking (TFTR_20). For local member designations see Bracci
etal. (1992a). ltcan be observed that the shear forces in the interior columns are approximaiely
five times larger than the exterior columns, which correlates 10 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 art the end of the motion has an offset.
Since the load cells are designed for a shear force capacity of $ kips, yielding of this load cell
may have occurred due to shear force demands near or larger than 5 kips. Also since columns
#1, #2, and #4 have 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. (1992a). 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 are
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 al. (1992a). 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:
retrofined columns are in no danger of shear failure. Also note that the interaction history of
the unretrofitted exterior columns remain within ultimate bounds. Thercfore 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 scismic loads
and the column capacitics 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 wable 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. 4-13aand 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 rensile contributions from the slab steel, the top reinforcement, and the
partially unbonded reinforcement from puil-out of the discontinuous bottom longitudinal
reinforcement. However, note that the retrofit of the interior columns provides additional bond
and prestressing pressure from the added longitdinal 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 are representative. It can be observed that the moment demands in the interior beams
exceed nominal ultimate 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 ultimate surface. Therefore, hinging has developed in the
interior beam members of the first story. Also, it is important to note from the measured beamn
moments that the slab steel from the full slab width contributes to the beam moment capacitics.
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 mode! are shown in Fig. 4-14 when the first story drift
was maximum in cach direction, along with the corresponding story displacements. It can be
observed that yielding moments have developed in the lower first story columns and in the
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 duc to the
moderate earthquake TFTR_20 are shown in Fig. 4-15. The following points highlight the
observed structural damage:

(a) 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
filley;

(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 Moderate Shaking

The dynamic properties of the retrofitted model after the moderate earthquake (TFTR_20) are
determined from the white noise excitation labeled as WHNR _D. Since torsion is present in
the structure during TFTR_20, the following identifications compare both characteristics of the
cast and west frames of the model. Figs. 4-16a and 4-16b show the smoothed story transfer
functions for the east and wesi 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 15.33 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 earthquake. Since a
larger reductions in natural frequency occur in the first 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 ransfer functions and compare with the
results before shaking (WHNR_C). Likewise the natural frequencies of the west frame are
identified as 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 participation factors of
the west frame are comparable with the cast frame,



Fig. 4-17 shows the phase angle between the third floor accelerometers on the cast and west
frames of the model for WHNR_D. It can be observed that the east and west frames are about
20° out-of-phase necar the first mode natural frequency, which implies torsion in the model
during WHNR _D.

The equivalent viscous damping factors of the east frame are dcicimined 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 deformations
for test TFTR_20, larger damping factors developed due to contributions from hysteretic
damping in comparison with the damping factors before shaking (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 maodel, developed from the dynamic characteristics of the
cast frame from WHNR D, is shown in Table 4-2. It can be observed that the sum of the
diagonal terms of the stiffness matrix from the cast frame is reduced by 17.7% after the moderate
carthquake or a 1otal of 19.0% from the untested rerofitted 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 tcrms of the west frame stiffness matrix is similar to that of the cast frame.
However a greater stiffness deterioration has occurred to the first floor of the west frame in
comparison with the cast 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 TFTR_20 as compared to
before shaking (WHNR_C)ora1 8%,45 0%, and 34 8%, respectivelyas compared toWHNR _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 2.64 1.98
Frequencies f, =] 918 f =] 811
(Hz) 16.70 15.33
Modal 1.00 -086 -049 100 -086 -0.56
Shapes d)‘, =079 045 1.00 d)v =082 042 1.00
0.44 1.00 -0.83 0.46 1.00 -0.81
Modal (.44 0.44
Panticipation r=| o r=| on
Factors -0.07 -0.07
Damping 47 6.6
Ratios £ =18 E =|26
(%) 1.6 1.4
Stiffness 198.9 —-238.2 65.2 182.7 -2182 719
Matrix Ku =| —-238.2 4385 -279.1 KI, =| -218.2 3569 —-2293
(kipfin) 65.2 -279.1 446 719 -2293 3181
Story 238.2 2182
Stiffnesses k =|279.1 k, =(2293
(kipfin) 125.5 89.0
ﬁ*
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TABLE 4-3 Dynamic Propertics and Stiffness Matrix Comparison of the East and West

Frames after Moderate Shaking
WHNR _D - East WHNR_D - West
Natural 198 193
Frequencies f =| 811 f =] 798
(Hz) 15.33 15.48
Modal 100 -088 -056 1.00 -0.88 -0.59
Shapes d)u =082 042 1.00 d)v =10.82 0.38 1.00
046 1.00 -0.81 048 1.00 -0.80
Modal 0.44 0.45
Participation =] 011 r=| 010
Factors -0.07 -0.07
Damping 6.6 8.1
Ratios £ =26 E =28
(%) 1.4 08
Stiffness 1827 -2182 719 1960 -2269 806
Marnix K,, =| -2182 3569 -2293 I(v =| -2269 356.5 -2338
(kipfin) 719 -2293 3183 80.6 -2338 3119
Story 218.2 2269
Stiffnesses k =[2293 k, =12338
(kipfin) 89.0 78.1

TABLE 4-4 Low Amplitude Initial Stiffnesses from the Shear versus Inter-Story Drift

Histories
Story WHNR_B WHNR_C WHNR_D
(kipfin) (kip/in) (kipfin)
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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FIG. 4-1 Latera! Shaking Table Motion for TFTR_20
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{c) Phase Angle of the East and West Side Accelerations

FIG. 4-3 East and West Lateral Acceleration for TFTR_20 - Torsion
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(b) Interior Columns

FIG. 44 Transverse Base Column Shear Forces for TFTR_20
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3.4 Response to Severe Earthquake

A severe 1able motion, the Taft N21E accelerogram scaled for a PGA of 0.30 g, was used 10
excite the model, herein referred to as TFTR_30. Figs. 4-19a and 4-19b show the desired and
achieved shaking table acceleration motions for TFTR_30. The achieved PGA is identified as
0.32 g. Fig. 4-19¢ shows a short segment of the desired and achieved shaking table motions.
A high degree of similarity can initially be observed berween the desired and achieved motions.
But at about 13 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'v the north and south side vertical table accelerations for TFTR_30.
The peak vertical acceleration oi the table is 0.87 g and the vertical response on each side of
the wable are in-phase. Therefore it is concluded that the table is uniformly accelerating in the
vertical direction during the instability. Fig. 4-20c shows the Fourier Transform of the north
side vertical 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 cast and west lateral base acceleration histories along with the corresponding
phasc angle. Qut-of-phasc motions can be observed near frequencies of 10.0 Hz. 10 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_30. 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 structure was driving the shaking
table in a yawing motion during the scvere carthquake. However the input torsional cffects
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).
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4.4.1 Gilobal Response

Fig. 4-23 shows the average swory displacements time histories of the retrofitted model during
the severe carthyuake, test TFTR_30. Fig. 4-24 shows the story shear force time histories
idenified from the load cells in the first and second story columns and the third story level
acceleromelters, respectively. It 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 4 magnified overlayed portion of the story displacements and shear forces,
respectively. [t can be observed that the story displaccments and shear forces are moving in
phase. Figs. 4-26a and 4-26b show 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 at this point in time resembles the shape caused by the first mode of vibration of the
maodel. Therefore it is concluded that the structural response for the severe level earthquake 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.
[t can be observed that the inter-story drifts are 2.13%, 1.19% and ().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 earthquake (TFT_30) were 2.03%, 2.24%,
(.89%, respe :tively (Bracci 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 formation of a plastic hinge at the base,
however in no danger of shear failure with the additional confining steel at the base. The
analytical study shown in Section 2, grossly underestimated the maximum first story drift.
Explanauons 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 hase shear during moderate shaking of retrofitted
model (TFTR_20) was 25.0%. For the unretrofit model test with the same severe earthquake
(TFT_30), the base shear was 15.3%, respectively. Therefore alarger sheardemand hasresulted
due 10 the retrofit and also an increased demand has resulted in comparison with TFTR_20.
This implics that base shear capacity for the retrofitted model had not been reached for the
moderate shaking and possibly not reached during the scvere shaking. Also note that there arc
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story level acceleration amplifications of about 0.0%, 15.2%, 46.9%, respectively for the first,
second, and third stories. These amplifications were less than the moderate shaking, especially
on the first story duc to inelastic response.

TABLE 4-5 Maximum Response for Severe Earthquake TFTR_30

rStory Max. Story Max. Inter- Max. Story Meux. Story Peak Story
Displacement | Story Drift Shear Load Acceleration
(in) (percent) (kips) (kips) ()
Third 1.73 0.49 13.2 13.2 0.47
Second 1.50 1.19 19.5 10.1 0.38
First 1.02 213 21.8 (26.4%W) 10.1 0.31
*_ A

Fig. 4-27 shows the story shear force versus the inter-story drift trajectorics 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 kip/in, 29.8 kip/in, and 30.2 kip/in. This corresponds to reductions of 28.1%,
1.3% and 0.0%, respectively due to the severe shaking. Therefore in addition to the decay of
the initial story stiffness, the post-cracking or yiclding, story stiffness of the first floor also
decays as a result of continued inclastic 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 TFTR_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 al. (1992a) than TFTR_20 and about 40% larger

than the unretrofitted building with the same earthquake. The percentage ratioof the viscous
damped and dissipated energies by each floor with respect to the total is 55.0% : 38.5% :
6.4%, respectively forthe first, second,and third storics. Incomparison with TFTR_20,
the percentage ratio of viscous damped and hysteretic encrgies was 60.8% : 356% :

3.6%. respectively. It can be observed that similar ratios have resulted in the
retrofiticd model after the moderate and severe eanthquakes. For comparison with the
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unretrofitted building with the same carthquake, the percentage ratio of viscous damped and
hysteretic encrgics was 42.6% : 42.1% : 15.2%, respectively. Therefore retrofit of the building
was successful in terms 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 TFTR_30. Itcan be observed that the shears in the interior columns
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 implics some yickling 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 predicted dynamic ultimate
surface. This is expected since the lower firsi story columns are a primary hinge location for
the design beam-sidesway failure mechanism. With exception of the lower first story columns,
the unretrofitted exierior column interaction histories remain primarily within the nominal
ultimate bounds. Also the waviness in the interaction historics 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
sides of 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 predicted dynamic
ultimate sutface. Since the slab steel was shown to have a substantial contribution to the moment
capacity of the beams, underpredicting the appropriate strain hardening of the rebars and slab
stecl, along with the additional strain rate cffects in these bars, mightexplain the underestimation
of the beam strength. Note that the provided fillet in the retrofitted interior columns and the
prestress prevented pull-out of the discontinuous beam reinforcement, thereby enabling higher
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positive moment capacity. The exterior beam moment demands remain within the nominal
ultimate surfaces and the partially unbonded positive moment surface (since the member was
not retrofitted). Therefore it can be concluded that the beams have yielded in test TFTR_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 mndel when the first 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) further cracking occurred in the lower first story interior columns;

(b) further 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 properties of the retrofitted model after the severe earthquake are determined from
the white noisc 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 of the east frame are identified as 1.88 Hz., 7.50
Hz.,and 14.84 Hz. and are tabulated in Table 4-6. It can be observed that the natural frequencies
of the cast frame arc 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 participation factors are also identified from the story transfer functions and shown in
Table 4-6. Slightly varying modal shapes and modal participation factors can be observed. The
natural frequencies of the west frame 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 deterioration than the cast frame.
The modal shapes and modal participation factors of the west frame are comparable with the
cast frame.

Fig. 4-35 shows the phase angle between the third floor accelerometers on the east and west
frames of the maodel. It can be observed that the cast and west framies are about 22° 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 determined from the half-power
method as 5.5%. 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 16 have suffered more damage during the moderate and severe carthquakes,
a large damping factor was expected in the west frame. 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 ts hysteretic and not viscous.

The updated stiffness matrix of the model, developed from the dynamic characteristics of the
east frame from WHNR _E, is shown in Table 4-6. Itcan be observed that the sum of the 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%, 5.9%, and 1.1%,
respectively for the first, second, and third stories have resulted after TFTR_300r 60.1%, 22.4%,
and 14.0% as compared to WHNR _B (original). Therefore it can be observed that considerable
stiffness deterioration has primarily occurred to the first story of the retrofitted model, similar
to the behavior after the moderate shaking. Table 4-7 shows the stiffness marrix comparisons
of the east and west frames of the model. 1t can be observed that the sum of the stiffness marrix
of the west frame of the maodel is similar to that of the cast frame. Also the corresponding

stiffness reductions for the west frame are similar to the cast 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 kip/in, 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 after TFTR_30 as compared to
WHNR _D (before shaking) or about 52%, 54%, and 38% as compared to WHNR_B (untested).

Therefore further stiffness deterioration is evident from TFTR_30.

TABLE 4-6 Dynamic Propenties and Stiffness Matrix before and after Severe Shaking

(East Frame)
WHNR_D - East (before) WHNR _E - East (after)
Natural 1.98 1.88
Frequencies ;=i 811 fi=] 150
(Hz.) 15.33 14 84
Modal 1.00 -086 -0.56 100 -083 -056
Shapes o, =|082 042 1.00 o, =082 036 1.00
046 100 -0.81 045 100 -076
Modal (.44 0.44
Participation =1 01 I, =} 0.10
Factors -0.07 -0.07
Damping 6.6 5.5
Ratios E =126 E =19
(%) 14 1.5
Stiffness 1827 -2182 119 168.1 -2053 696
Marrix K,=|-2182 359 -2293(|K,=|-2053 3427 -2158
(kip/in) 719 -2293 3183 69.6 -2158 2775
Story 218.2 205.3
Stiffnesses k, =|2293 k =[2158
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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 1.88 1.73
Frequencies f =] 750 f=| 750
(Hz.) 14.84 14.84
Modal 1.00 -0.83 -0.56 100 -0.84 -0.55
Shapes ®, =082 036 1.00 @, =083 036 1.00
045 100 -~-0.76 049 100 -0.76
Modal 0.44 0.44
Participation I''=| 010 r,=| 010
Factors -0.07 =006
Damping 55 6.7
Ratios E=|19 E=|19
(%) 1.5 1.2
Stiffness 168.1 -2053 6946 1650 -2038 &7.5
Matrix K,=| -2053 3427 -2158||K, =| -2038 3440 -2178
(kip/in) 69.6 -2158 2775 67.5 -217.8 2778
Story 205.3 203.8
Stiffnesses k, =|2158 k, =|217.8
(kipfin) 61.7 60.0
P

TABLE 4-8 Low Amplitude Initial Stiffnesses from the Shear versus Inter-Story Drift

Histories
Story WHNR B WHNR_D WHNR_E
(kip/in) (kipfin) (kipfin)
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
(0.30 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 simulations. The damage 1o 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 mode! is presented for sequential hinge
formation and the base shear capacity. An elastic analysis of the rerrofited 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 retrofitted model structure. These structural parameters were: {i)
the initial, post-cracking, and post-yielding stiffnesses; (ii) the cracking and yielding moments;
and (ii1) the hysteretic properties. Since the retrofitted columns were prestressed from the
midheight of the first story to the roof, an initial stiffness of 1.0 EI, was used. At the retrofitted
base column with discontinuous reinforcement and no prestressing, an initial stiffness of 0.5
EI, was used. Paulay and Priestley (1992) suggest ranges for an effective moment of inertia
between (0.7 1, and 0.9 I, for heavily loaded columns and between 0.5 I, and 0.7 I for columns
with axial loads of about (.2 fA,. The initial stiffness for the beams is suggested to be 0.45
EL.

For development of the hysteretic rule, a post-cracking stiffness of EL/2 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 requircd embedment lengths). However with retrofit, the interior beam
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moments considered full moment capacity without pull-out. The hysteretic properties for
analytical modeling of the bearns 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 posi-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 carthquake (Taft N21E 0.30 g) based on the structural member parameters from
cngineering 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 scvere
{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
approximately double the estimated drift for the severe shaking. However the estimated
maximum base shear demand of 2().1 kips (24.5% of the structural weight W) reasonably predicts
the measured base shears of 200.6 kips (25.0% W) and 21.8 kips (26.4% W) from the moderate
and severe shaking.

4.6.1.2 Component Tesls

Choudhuri et al. (1992) (in Part I of the Retrofit Report Series) tested quasi-statically the
retrofitted interior subassemblage componemt by concrete jacketing.  The original
subassemblage component was built and tested by Aycardi et al. (1992) (in Pan 1] of the
Evaluation Retrofit Series). The initial stiffness of the retrofitted column with applied
prestressing was identified as.

Ely . = 071 (EL), 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:

El,. sue = 0.50 (EL), (4.2)

Aycardi et al. (1992) (in Pan Il of the Evaluation Repon Series) also built and quasi-statically
tested the original (unretrofitted) column and subassemblage components. Since the model
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structure previously experienced story drifts of about 2% of the story height, the unloading
stiffness from the column components at 2% drift is used as the initial stiffness of the exterior
columns and identified as follows:

El,, o = 0.22 (EL,), 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:

Elu s = 032 (ELL), a.4)
El, w = 0.23 (ELL),

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 EI/2 is identified from the component tests and used 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
degradation 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% for the damping ratio.

Table 4-9 summarizes the member parameters from engineering approximations and component
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 1o carry out the analytical modeling based on member
parameters identified from component tests. From static computations, the first natural
frequency is determined to be 2.24 Hz. Note from the experimental white noise test before the
moderate shaking that the first natural frequency was determined to be 2.64 Hz. (see Table 2-5).
Therefore the analytical modeling predicts a slightly softer structur:.

A collapse mode (shakedown) analysis is performed in IDARC by statically increasing the
lateral loads on the model according to a inverted triangular loading distribution. The sequence
of hinge formation in the model is shown in Fig. 4-37. It can be observed that yielding first
occurs in the lower first story interior columns (with discontinuous added rebars). Yielding
then propagates to the interior beam members and then throughout the structure. The static
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loading is continually increased until the top story displacement exceeds 2% of the building
height. At this drift limit, the base shear ca, acity 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% W and 26.4% W. Therefore
the analytical base shear capacity slightly underpredicts the actual base shear capacity.

Figs. 4-3% and 4-39 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) carthquake
simulations, respectively.  Sequential runs of the moderate and severe motions are used to
capture the degradations of both elastic and inelastic hysteretic propernties. It can be observed
that the predicted story response adequately correlates to the experimentally obtained results.

Fig. 4-40) shows the resulting damage states of the model predicted analytically in comparison
with the experumental measured damage states of the simulated earthquakes. Ivcan 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 wpper first and second stories are in the incipient stages. Yielding was not measured
experimentally in these sections. Yielding has also developed in some of the beam members
of the first and second stories for the moderate earthquake both experimentally and analytically.
The unretrofitied exterior columns and exterior beams result in a cracked damage sraie from
IDARC. 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
maderate shaking. It can be observed that the correlation exists between the analytically
predicted and experimentally measured damage states for both earthquakes. Since yielding has
accurred in the base columns and first and second story beams, the apparent collapse mechanism
for the retrofitted model under ultimate load is a beamn-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 carthquakes 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 (D1 <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 ransverse 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 (DI = 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 results in the beams members. The
overall structural damage index is 0.14 after the moderate shaking, which implies a
minorimoderate damage state (DL o < 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 10 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 moderate 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 of 0.31 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 damage indices of the column in the second and third
floors are minimal. The damage indices for the exterior bearn members of the first story (DI =
0.44 and 0.37) are also within the moderate - "repairable” damage state. However the first
story interior beam (D] = 0.67) is categorized as just beyond the moderate - "repairable” damage
state. Itcan 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 (DL, <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 10 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 ransferred from
the columns to the beams from retrofit (same results as the moderate shaking).



Therefore from the damage evaluations of the retrofitted model building, it can be concluded
that: (i) the first story beams have a moderare - “repairable” damage state after the moderate
and severe shaking. For the shaking of the original model, the only significant becam damage
was in the first story exterior beam in the pull-out dircction; (ii) the retrofitted interior and
unretrofitted exterior base columns develop only minor - "serviceable” damage from the
carthquakes, 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 afier the moderate and severe shaking in comparison with the original muxdel.

4,6.3 Damage with P-delta Effect

The proposed damage index for including damage associated with the P-delta effect (see Bracci
et al., 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 proportional to the inverted triangular loading. Fig. 4-42 shows
the first story shear force of a retrofitted interior column versus inter-story drift under increasing
static loads. It can be observed that yielding occurs at about 1% 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 sirength determined from component tests.

Fig. 4-43 shows the retrofitted column damage index as a function of time, displacement ductility
(8,/8,), and deformation damage ([8,, — 8, /5, — 8,]) for the various PGAs. It can be observed
that the resulting damage index is relatively small (DI < 0.20) for PGAs up 1o and including the
0.40 g motion. Note that this is considerably less than for unretrofitted columns previously
tested (see Bracci et al., 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 , (cvaluation which
was not in the objective in this analysis). For the original building, the unretrofitted 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-delta effect in the retrofitted columns is rclatively
small and significantly less as compared to the unretrofitted columns.

4.6.4 Elastic Analysis and Equivalent Strength Ratios

An elastic analysis is performed 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 identified as 44.6 kips (54.1% of the total structural weight W)
and 78.0 kips (94.5% W), respectively. From the inclastic analyses in Section 4.6.1.2, the
analytical basec 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,) in the discussions conceming UBC
{1991). Refer 10 Bracci et al. (1992b) for more details.

According to the provisions in UBC (1991) for an intermediate moment resisting R/C 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, £2) of 1.3 and
an allowable stress factor (Y) of 1.4 are used. Therefore the corresponding ductility based
reduction factor (R,) according to UBC (1991) is 3.85 (R, = R,/6lY).

Table 4-10 summarizes the equivalent strength ratios for the original and retrofitied models
both analytically and from UBC (1991) along with the corresponding structural damage indices,
displacement ductility ratios, and the basc shear dcmands 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 carthquake
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 obuined. The ductility demand (first
story displacement ductility) for the retrofitted model is greater than for the original model since
the retrofit provided additional stiffness. However note that the first story ductility capacity
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of the retrofitted model far exceeds the ductility capacity of the original model. The base
shear demands reach the analytical capacitics during the moderate and severe shaking for both
the retrofitted and unretrofitted models.
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TABLE 4-10 Equivalent Strength Ratio (R)

Minor Moderase
©005g)
! Equivalent Strength Ratio R
Analytical Structural Damage Index 0.04 0.23 0.49
{Oniginal Ductility Demand 045" 1.38 1.96
Bidg.) Inclastic Base Shcar Demand 88% 14.7% 14.6%
(% of Suruciural Weight) (Capacity) (15.0%) (15.0%) (150%)
Code *UBC (1991) - Ductility 275 275 2.75
Reduction Faclor X,
Equivalent Strength RatioR 212 173
Analytical Structural Damage Index 0.14 0.32
{Retrofitted Ductility Demand 2.19 344
Bidg.) Inclastic Base Shear Demand 255% 253%
(% of Suuctural Weight) (Capacity) (25.5%) (25.5%)
Code YUBC (1991) - Duculity 385 3185
Reduction Factor R, '

' Equivalent strength ratio computed from the ratio of the analytical elastic and
inelastic base shears.

2 Ordinary Moment Resisting Concrete Frame: R =5,2=13,and Y=14.
’ Intermediate Moment Resisting Concrete Frame: R, =7,Q=13,and Y = 1 4.

* Ductility under 1.0 indicate clastic bchavior,
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4.7 Summary Discussions

The local and global response of the retrofitted model from the moderate and severe simulated
carthquakes (Taft N21E, PGA 0.20 g and 0.30 g, respeciively) are presented in this section.
The following summarize the maximum response of the retrofitted model during the earthquake
tests. the dynamic characteristic history throughout the testing, and the resulting conclusions.

4.7.1 Maximum Story Response of Retrofitted Model

The maximum response of the retrofitted R/C 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. Inter- Max. Story Peak Story
Displacement | Story Drift Shear Acceleration

(in.) (%) (kips) ()
Taft N21E Third 118 0.33 10.7 0.38
PGAD.20g Second 1.03 0.80 16.2 0.33
(TFTR_20) First 0.66 1.37 20.6 (25.0%) 0.26
Taft N21E Third 1.73 0.49 13.2 0.47
PGA (.30 g Second 1.50 I.19 19.5 0.38
TFTR_30 Firs1 102 213 21.8 (26.4%) 0.31

_ _

It can be observed thar: (i) large story drifts occur on the first siory (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 proportional 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 .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, rcspectively.
According to UBC (1991), the ductility reduction factoris 3.85 (R, =7,Q2=13,and Y =14)
. (iv) the peak story accelerations show amplifications for the moderate and severe shaking,
except for the first story of the severe shaking (no amplification).

4.7.2 Summary of Dynamic Characteristics of Retrofitted Model

The natural frequencies, modal shapes, stiffness matrix, and damping characternistics of the
retrofitied 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 Shapes Stiffness Matrix Story Equivalent
Stiffnesses | Viscous
Damping
£ P, K, k, &
‘ {Hz.) (kip/in) (kip/in) (%)
278 (1.00 -086 -0.51 052 -2386 716 238.6) (1.0)
WHNR_B 9.38 079 048 1.00 -2386 4214 -2782 278.2 19
16.75 042 100 -089 76 -1782 4327 154.5) \1.3)
(264 1.00 -08 -049 1989 -2382 652 238.2) 4.7)
WHNR C| | 918 079 045 100 -2382 4385 -2791 279.1 18
16.70 044 100 -083 652 -2M.1 4046 125.5, 16)
Taft N21E PGA 0.20 g ,J
WHNR_D| (198 (100 -086 -056) |{ 1827 -2182 71 9 218.2) (6.6
(East) B1 082 042 100 -2182 3569 -2293 2293 26
1533) | lo46 100 -081) |\ 718 -2193 3183 890 (1.4
WHNR_D| 193 (1.00 -088 -0.59) |/ 1960 -2269 226.9) (8.1
(West) 7.98 082 038 100 -2269 3565 -2338 2338 28
15.48) 048 100 -080) |\ 806 -2338 3N9 781 ) \0.8
- 4
Tafi N21E PGA 0.30g
WHNR E| (188 100 -083 -0.56 1681 -2053 696 (205.3) (5.5)
(East) 7.50 082 036 100 -2053 327 -2158 2158 19
1484/ | \045 100 -076) |\ 826 2158 2775 \ 61.7 ) \1.5)
WHNR_E| {1.73 1.00 -084 -0.55 1650 -238 675 (203.8) 6.7)
(West) 7.50 083 03 LOO ~2038 3440 -2178 217.8 19
1484) | (049 100 -076) |\ 673 -2178 2778 \ 60.0 1.2,
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1t can be observed that: (i) a minor reduction 1n 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; (iit) 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 o 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 Retrofitted Model

The following are the overall results, conclusions, and remarks from the shaking table testing
of the retrofitted R/C frame model:

(a) Inter-Story Drifts

It was previously mentioned that the maximum first story drifts of the model for the rmoderate
(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 (onginal) model, the maximum first story drifts were
1.33% and 2.03%, respectively for the maoderate and severe motions. Therefore the first story
drift maxima of the retrofitted 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
storydnfts. From Table 2-1,1he analytical evaluation of the retrofitted mode] 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 varniations 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 Pant I of the
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Retrofit Report Series (1992) and Aycardi et al. in Part 1 of the 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: (i) a softer initial
stiffness in the beams of the component test model; (ii) 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 capacities from the large quantities of slab steel.
Furthermore, the full collapse mechanism did not developed in the carthquake 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 scismic forces.
(c) Beam and Column Damage

It was observed that the interior beams cracked and yielded near the ends of the fillets 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
puil-outof the 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 swrength 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 retrofit of the interior
columns, hinges developed in the beam members at the ends of the fillets, primarily on the first
floor, and at the base columns.
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(d) Damage Evaluation

From the damage evaluations of the retrofitted model building, it can be concluded that: (i) the
first story beams develop a considerable amount damage from the moderate and scvere 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 exterior base columns develop only minor damage from
the carthquakes, while the remaining columns develop negligible damage. For the shaking of
the original model, severe damage was inflicted to the interior columns and maderate damage
1o the exterior columns of the first and second floors; (iii) the resulting damage distribution of
the retrofitted model was typica! 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 (1v) a significant decrease in overall siructural damage index results
for retrofitted model after the moderate and severe shaking in comparison with the original
mexdel.

(e) Apparent Collapse 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 exists.
For the shaking tests, hinging in the base columns of the first story and hinging in the interior
beams were measured. Thus as the retrofit design stipulates, a desirabie 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.

() '"Second Mode" Effect

Second mode contributions were observed in the original (unretrofitted) 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 rewrofitied columns remain relatively rigid throughout the height of the building and rotate
about the weak base, rather than deflecting as a flexural element between floors.

(g) Story Stiffness and Natural Frequency Deteriorations

Due to the large resulting damage in the base columns and first story beams, first story stiffness
(60.5%) and natural freque..Cy deteriorations (35.3%) have occurred (see Table 4-12). However
only slight stiffness deterioration have resulted in the upper stories. The second and third story
columns and beams remain primarily within yielding bounds throughout the testing. Therefore
only first mode behavior was observed and cotresponding first story stiffness and first mode
natural frequency deteriorations occur.,

(h) Story Shear Force Demands

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 shear capacity has not been attained during the moderate
base motion. However from a shakedown analysis withanalytical modeling based on component
tests, the base shear capacity at 2% drift limits was 25.5% of the total structural 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. Therefore a large increase in base shear demand
and also capacity has developed after rerofit. From an elastic analysis, the corresponding base
shear force reductions (ductility reduction factors) were determined to be 2.12 and 3.73 for the
moderate and severe shaking, respectively. These reductions were the result of inelastic member
behavior. UBC (1991) specifies a strength reduction factor for such a structure (R, = 7) 10
account for the inelastic behavior for the design base shear. The corresponding ductility
reduction factor was 3.85 (see Section 4.6.4). Therefore for the retrofit model during the severe
carthquake, the measured strength reductions were similar to the UBC (1991).
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(i) Presence of Torsion

1t was shown that torsion developed in the model during the moderate shaking due to the uncven
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, possibly due to varying concrete strengths or 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 typical low-rise and for upper storics of higher-riss GLD R/C frame structures, 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 strong column
- weak beam behavior. Global seismic retrofits are required for improved overall structurai
performance. Seismic retrofit can be used 10 upgrade existing structures or to repair previously
damaged structures for improved behavior during earthquakes.

Since the GLD R/C model was categorized as in a moderate - “repairabie” damage state from
the pre.+ious carthquakes (Bracci et al., 1992b), retrofit was required 1o 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 earthquakes or large lateral loads. Several
retrofit methods were presented and analyzed in various global arrangements for a future strong
ground motion. Based on response behavior and several factors conceming modeling, the
improved concrete jacketing alternative of the critical interior columns with discortinuous added
rebars at the foundation was selected to retrofit the mode! structure. Prestressing of the added
reinforcement was applied to enhance the shear strength of the columns and beam-column joints,
to supply a compressive pressure on the discontinuous beam reinforcement in the joints to deter
pull-cut, and provide an initial strain in the new composite section. A reinforced fillet was also
used in the beam-column joints tc ensure elastic joint behavior and to provide additional
embedment length for the discontinuoas beam reinforcement.

5.1.2 Exper‘mental Studies

The characteristics of the retrofitted model in comparison with the original damaged model can
be summarized:
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1.

2.

Large story stiffness and corresponding natural frequency increases after retrofi
from column strengthening and stiffening.

Decreased “equivalent viscous damping” factors from smaller contributions from
hysteretic damping. Post-tensioning reduces the degree of cracking in the structure
and thus lowers the cquivalent damping.

The s¢ismic behavior of the retrofitted model during the moderate (Taft N21E, PGA 0.20 g)
and severe (Taft N21E, PGA 0.30 g) earthquakes can be summarized:

&4

. Large first story drifts of 1.37% and 2.13% of the story height, respectively.

However the second and third story drifis were considerably smaller,

The retrofit beam-column joints (R/C fillet) remained primarily elastic throughout
the shaking.

. 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 stcel contributions from the full slab width. Smength increases in excess of
30% were observed due to strain hardening of the rebars and dynamic strain rate
effects.

. 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 ¢ bserved in the upper stories. Thus
the complete beam-sideway collapse mechanism had not formed.

. For a typical beam-column-slab component, the nominal moment capacity of the

retrofitied columns were about 59% stronger than the nominal strength capacity
of the beams that considered slab steel contributions from the full slab width.

The response was governed by the first mode of vibration.

Large reduction in first story stiffness (60%) and corresponding first natural
frequencies (about 35%) occurred after the moderate and severe shaking.



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 determined from: (i) engineering
approximations; and {ii) component tests, was used 10 simulate the seismic response of the
model.

It can be concluded that:

1. The inelastic analytical modeling based on stiffnesses obtained from engineering
approximations grossly underpredicted the first story drift for the moderate and
severe carthquakes 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 (EL,,), with prestressing and 0.50 (EIL,,), at the base
columns (no prestressing and discontinuous added reinforcement). The initial
stiffness of the interior and exterior beams were 0.32 (El,), and 0.23 (El,),,
respectively. The analytically predicted damage state was similar to the
experimentally measured and observed.

3. The damage evaluation indicated moderate - “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 carthquakes, which
imply minor/moderate damage states. These are considerably less than the original
building under the same carthquakes.
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4. The strength reduction factors from inelastic response were comparable to the
inelastic design values from UBC (1991) for the severc shaking only (near uitimate
strength capacity). However for the moderate earthquake, the code based design
reduction factors from UBC (1991) do not relate well with the experimentally
observed.

5.2 Conclusions on Retrofit of GLD R/C 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 of retrofit for GLD R/C frame
structures during earthquakes:

1. Strucwral 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 1o beam hinging.

3. Tominimize additional foundation loads. the strengthening should seck 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 properties 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 propertics for analytical models. In other cases
rational proportions of virgin properties 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 10 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 of another.
However, economical aspects must be carefully checked.
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"NCEER Strong-Motion Data Base: A User Manual for the GeoBase Release (Version 1.0 for the Sun3).”
by P. Friberg and K. Jacob. 3/31/80 (PBJ0-258062/AS).
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Yiagos, Supervised by J.H. Prevost, 82040, (PR91-110197/AS).

by AN

"Secondary Sysiems in Base-Isolated Structures: Experimental Investgation, Stochastic Response and
Stochastic Sensitivity,” by G.D. Manolis, G- Juhn. M.C. Constantinou and AM. Reinhomn, 7/14), (PB91
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Makns and G. Gazetas, 7891, (PBYZ-108356/A8).
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"The Hysierctic and Dynamac Behavior of Brick Masornry Walls Upgraded by Ferrocement Costings Under
Cychic Loading and Swong Simulated Ground Motion,” by H. Lee and S.P. Prawel, 5/11/92. to be published.
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