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PREFACE

The National Center for Earthquake Engineering Rescarch (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 I, Basic Research, is carried out 10
support projects in the Applied Research area. Element II, Applied Research, is the major focus
of work for years six through ten. Element 1], Demonstration Projects, have been planned to
support Applied Research projects, and will be either case studies or regional studizs. Element
IV, Implementation, will result from activity in the four Applied Research projects, and from
Demonstration Projects.
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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 types of ground motion.

it



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 arcas 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 stadies of building response.

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

5. Enhancement of the IDARC (inelastic damage analysis of reinforced concrete) computer
program.

6. Reserrch 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 first of a two-report series summarizing research on the retrofit of reinforced
concrete buildings tha: had been designed only for gravity loadings. This first report is con-
cerned with reduced-scale column, beam-column, and beam-column-siab specimens which were
retested after retrofit. Various retrofit methods were tried, including column jacketing, post-
tensioning, adding slab fillets, and masonry jacketing. The goal was to convert to weak column
mechanism to a weak beam mechanism. The results of these tests served to design the model
building retrofit and o aid in the development of analytical models. The second report describes
the performance of the retrofitted model building.



ABSTRACT

This report is Part ] of a rwo part series on the evaluation of seismic retrofit methods for
reinforced concrete frame structures. It deals with the experimental behavior of retrofitted
reinforced concrete column elements and beam-column joint subassemblages under
reversed cyclic lateral loading. A seismic retrofit/rehabilitation redesign methodology was
developed, and validated in the present experimental study. Part II describes the
application of this method to a one-third scale model building.

In this report two column specimens, a one-way beam-column subassemblage and a two-
way beam-column-slab subassemblage, all originally designed in accordance with AC1-
318 for gravity loads only (1.4D + 1.7L), were retrofinted and tested ar increasing drift
amplitudes. The original specimens possessed relatively weak columns with respect to the
adjacent beam strength.

The rewofined column specimens showed increased strength and a ductile post-yield
behavior. Longitudinal bar buckling in the columns and low cycle fatigue failures as seen
in the original/as-built specimen tests were entirely averted in the retrofitted specimens.

The beam-column joint and the subassemblage retrofit, though distinct, were successful
at converting the specimen failure mechanisms to a desirable strong-column/weak-beam

one.

Comparisons are made between the displacement response of the original/as-built
specimen tests and the present retrofitted test results. Conclusions are drawn on the
efficacy of the retrofit schemes and the failure mechanisms observed.
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SECTION 1

INTRODUCTION

1.1 Research Context

The study presented herein is part of a comprehensive research program sponsored
by the National Center for Earthquake Engineering (NCEER) to assess the seismic
damage potential and evaluate the performance of buildings in low to medium
seismic zones, such as in the eastern and central United States. Buildings in these
zones are typically designed only for gravity loads (U =1.4D+1.7L) according to the
non-seismic detailing provisions of the code. These buildings are also referred to as
lightly reinforced concrete (LRC) structures throughout this report. Although such
structures are designed without consideration of lateral loads, they still possess an
inherent lateral strength which may be capable of resisting some minor and moderate
earthquakes. However, the deficient detailing of members can lead to inadequate

structural performance during seismic activity.

The research program, entitled seismic performance of gravity load desigmed
reinforced concrete (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-Attar et.al, 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 Buffalo Earthquake Simulation Laboratory. The prototype design,
model construction and similitude, initial dynamic characteristics, shaking table
testing program along with the simulated ground motions, and the elastic response
of the model from minor base motions are presented in Part I of the evaluation
report series research program (Bracci et al., 1992a). Based on that report, analytical
models can be developed and used to predict the inelastic response of the model
building during more severe earthquakes.

1-1



The experimental investigation of the companion columns and beam-column
components of the one-third scale model building is presented in Part 1l of the
evaluation report series (Aycardi et al. 1992). The components were tested under
quasi-static reversed cyclic loading and tests were conducted prior to 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
properties were used to predict the overall response of the model building with

analytical tools.

The experimental and analytical performance of the model building during moderate
and severe ground shaking is presented in Part IlI of the evaluation report series
(Bracci 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 this study are that
the response of the model is governed by weak column-strong beam behavior and
large story drifts develop under moderate and severe earthquakes. A one-eighth scale
model of the same prototype building was also constructed and tested at Cornell
University by El-Auar et al. (1991b) as part of a collaborative study with
SUNY/Buffalo. A comparison of the response behavior between the two scale

models is also presented

A continuing research program was conducted on various seismic retrofit techniques
for reinforced concrete (R/C) frame structures typically constructed in low seismicity
zones. This report is Part I of the retrofit report series. In it, a capacity analysis and
redesign method for seismic retrofitting of R/C structures is developed and tested.
Retrofit using the concrete jacketing technique was selected and first performed on
companion components. The retrofitted components were tested under quasi-static
reversed cyclic loading and used to identify the behavior of the individual members.
Retrofit of the components was also performed to verify the constructability of the
retrofit technique for the model building.



In Part 11 of the retrofit report series by Bracci et.al. (1992c), the member properties
from these component tests using the concrete jacketing technique were used to
predict the response of the overall retrofitted model building with analytical tools.
Based on analytical estimates, a global seismic retrofit for the one-third scale model
building was proposed and constructed. An experimental and analytical shaking table
study of the retrofitted model building was then conducted and the response behavior
is presented. The main conclusions from this study are that seismic retrofit of gravity
load designed R/C frame buildings: (i) can be designed to successfully enforce strong
column-weak beam behavior; and (ii) is a viable economic and structural alternative

as compared to demolition and reconstruction of another building.

1.2 Overall Objectives of Research Program
The objectives of the overall research program are summarized below along with the

corresponding NCEER publications from Table 1.1:

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

2. Identify the potential collapse mechanisms for typical LRC frame buildings.
(Seismic Resistance of R/C Frame Structures Designed only for Gravity Loads:
Part 111, 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 R/C Frame Structures
Designed only for Gravity Loads: Part 11, Evaluation report series, by LE.
Aycardi, J.B. Mander, and A.M. Reinhorn)

4. Determine the contribution of components in the overall response of the
structure near collapse. (Seismic Resistance of R/C Frame Structures Designed

1-3
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10.

only for Gravity Loads: Parts 1l and 111, Evaluation report series, by J.M.
Bracci, L.E. Aycardi, A.M. Reinhorn, and J.B. Mander).

Compare the measured response of the model building with that predicted by
analytical models developed from engineering approximations or from
component tests using a non-linear time history dynamic analysis. (Seismic
Resistance of R/C Frame Structures Designed only for Gravity Loads: Part 111,
Evaluation report series, by J.M. Bracci, A.M. Reinhorn, and J.B. Mander)

Investigate appropriate local and global retrofit techniques for improving the
seismic performance of LRC buildings. (Evaluation of Seismic Retrofit of R/C
Frame Structures: Parnt 1, Retrofit report series, by J.M. Bracci, AM.
Reinhorn, and J.B. Mander)

Investigate the seismic performance of the retrofitted model building and
compare the measured response with the response of the original
(unretrofitted) model for the same earthquakes. (Evaluation of Seismic Retrofit
of R/C Frame Structures: Pan 11, Retrofit report series, by J.M. Bracci, A M.
Reinhorn, and J.B. Mander)

Determine the behavior and material properties of the retrofitted members
and subassemblages of the structure. (Evaluation of Seismic Retrofit of R/C
Frame Structures: Part I, Retrofit report series, by D. Choudhuri, J.B. Mander,
and A M. Reinhorn)

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: Pan I, Retrofit report series, by D. Choudhuri, J.B.
Mander, and A.M. Reinhorn)

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 R/C Frame Structures: Pan 11, Retrofit report
series, by J.M. Bracci, A.M. Reinhorn, and J.B. Mander)

1-5



Table 1.1 NCEER Publications Summarizing Current Study
Evaluation Report Senes

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. Reinhom. and J.B. Mander). NCEER-92-0027

(1] Identification of deficiencies of cument engineening practice.

(11) Scale modehng.

[{1)) Experimental identification of structural characteristics.

{1v) Ground for al eval and exper ! program.
Note: This report scrves as bare matenal for evaluauon of analytical wols.

Part 11: Experimental Performance of Subassemblages
(by L.E. Aycardi, ].B. Mander. and A M. Reinhom). NCEER-92-0028

(1) Identify behavior and deficsencies of vanous components w structures.

m) ldentify member characteristics for developing analytcal models 1o predict the scismi response of the
one-third scale model structure.

Note: This report serves as evaluation of structural charactenistics 1o be incorporated in the
evaluation of the entire structural sysiem.

Part 111: Experimental Performance and Analytical Study of Structural Model
(by J.M. Bracci, A.M. Reinhom, and J B. Mander), NCEER-92-0029

(i) Investigme the periormance and the principal deficiencies of typical gravity load designed frame
buildings dunng earthquakes through shaking table westing of a one-third scale model under minor,
moderate and scvere carthquakes.

() ldentify the posenual collapse mechasisms for such typscal frame buildings.

(iui) Compare the measured response of the mode! building with that prediceed by analytical models

developed from (1) engineenng approxi (2) comp wests, and (3) an experumental fit using
a non-hincar tme history dynamic analysis.
Note: Thus report emph the str | behavior, collapse margins via damage, and

efficiency of predictions using p properies evalusied from ess.

Retrofit Report Series

Evaluation of Seismic Retrofit of R/C Frame Structures

Part I: Expeririental Performance of Retrofitted Subassemblages
(by D. Choudhun, ,.3. Mander, and A. M. Reinhorn), NCEER-92-0030

(1) Presentation of retrofit techniques.

() ldentify constructability and behavior of retrofitied components

(1) ldemlfy retrofiied member characteristics for dcvclopug analytical models to predict
P of the fined model builds

Part 11: Experimental Performance and Analytical Study of Retrofitted Structural Model
(by J.M. Bracci, A.M. Reinhom, and J.B. Mander), NCEER-92-0031

n An analytical seismic evaluation of retrofiied gravity load designed frame buildings using vanoues local
and global retrofit techmiques.

n) Shaking table testing of one of the proposed retrofit eechniques on the one-third scale model under
minor, moderake and scvere carthquakes.

(i3i) Verify a change in the f don of the p ial coll hantsm under ulta load from an
deswrable col ik y hanism 0 & mdunnbl:bum—ndew.ymhum
(iv) C: the d resp dd:moﬁndundclhul&qwﬂhhpw&c‘dby.ﬂyuul
models developed from engincering approxi p tosts using noa-hacar timee-history
dynamic analysis.
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1.3 Background to Present Study

Seismic design of reinforced concrete structural systems has evolved over the last several
decades as a result of much research and lessons learned from earthquakes. The present
state-of-the-an takes into consideration the effect of lateral design loads due to strong
ground motions, and requires careful detailing of structures to ensure a ductile seismic
performance. There are a large number of concrete structures, in high seismic risk zones,
which were designed prior 1o the advent of seismic design codes ( e.g. ACI 318-71)
which have undergone serious damage in recent earthquakes. This category of structures
has often required extensive post-earthquake repair and retrofitting to render them safe
and functional. Often the structural system is modified by including structural walls in a
lightly reinforced frame. Many structures are still permitted to be constructed in low to
medium seismic risk zones, in the castern and the central United States, without
accounting for the seismic provisions. The majority of cities east of the Rockies do not

require seismic resistant design.

Cast-in-situ reinforced concrete has a number of desirable characteristics which make it
a versatile construction material. However, in comparison to structural steel, retrofit
modifications or repair of damage is generally more difficult to accomplish. Structures
located in seismic zones often pose problems as the usual seismic design philosophy is
to achieve energy dissipation through controlled inelastic deformations in plastic hinge
zones, primarily in the beams. Many non-seismically designed structures possess strong
beams and weak columns, which is in conflict with the conventional wisdom of today,
that requires the formation of a beam-sidesway mechanism.

This study presents an experimental investigation on the behavior of retrofitted column
components, a beam to column joint and an interior beam-column-slab subassemblage of
a one-third scale model of a prototype designed for gravity loads according to ACI 318
non-seismic detailing. Particular emphasis is given to the inelastic performance and the

expected failure mechanism in a seismic environment.

1-7



1.4 Review of Existing Repair and Retrofit Techniques

The objective of a repair scheme is principally to bring a damaged structure back to its
original condition or better in an affordable manner. This involves repairing major cracks,
local spalling. and diagonal cracks which usually follow flexural cracks, and adding new

load carrying paths to the structure to ensure its safety and functionaliry.

In contrast, a seismic retrofitting scheme aims at augmenting strength, enhancing the
ductility capacity and making the structure more resilient for earthquakes. A damaged
structure is not a pre-requisite for such a scheme. Some form of seismic retrofitting would
generally be required for low to medium rise buildings designed only for gravity loads
(e.g. U= 14D + 1.7L ). If the structure in question is damaged, a retrofitting scheme
would encompass both repair of the structure together with ensuring a favorable failure

mechanism in the event of a major earthquake.

The type of repair and/or retrofitting technique to be adopted depznds on the nature and
the exient of damage to the structure and the original design scheme. Some commonly

used techniques are mentioned below :

Epoxy injection is the simplest procedure to repair relatively small cracks of widths less
than '/,". Experimental work in this area has focused on low viscosity epoxy injection
which has become a fairly standard practice in the last decade for repairing cracked

structural elements.

For cracks larger than '/,", and regions where the concrete has crushed, epoxy injection
is inappropriate. Research on repairing this type of damage has proposed the removal of
the loose concrete and replacement with expansive cement mortar, Type-IIl high carly

strength mortar or other similar material.

In some cases, carthquake loads on reinforced concrete members result in buckled,
excessively yielded or fractured reinforcement. Most researchers investigating repair of
this type of damage have recommended repairing the reinforcement by replacement with
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new steel, butt welding or lap welding. The damaged concrete has then typically been
replaced with new concrete. This method is more a retrofit method than just a repair
method, since it allows special detailing of flexural and shear reinforcement for strength
and ductility.

Experimental and field retrofit work has been done in the area of infill walls and concrete
wing walls. To implement these methods, the entire structure must be analyzed to ensure
that the loads can be transferred 10 the foundation and that the failure is not transferred
to another undesirable area. Proper interaction and load transfer between the existing

structure and the new elements is of critical importance.

Development of methods for repairing and retrofitting damaged columns in moment-
resisting concrete frames and in bridges is an important problem. A considerable amount
of experimental work has been conducted in repairing, strengthening and improving the
ductility of damaged columns. Collapse or severe damage of a number of California
bridges in recent moderate carthquakes has emphasized the need 10 develop rewofit
measures to enhance flexural strength, ductility and shear strength of bridge columns
designed before the current seismic design provisions were implemented. Recently Chai,
Priestley and Seible (1991) proposed a retrofit method for circular columns by encasing
plastic hinge regions with a grouted steel jacket. This method has received widespread use
by Caltrans in their bridge column retrofit program. In addition to providing external steel
shells, other methods of providing extemal steel reinforcement tested include steel straps,
new closely spaced reinforcing steel ties, or welded wire fabric together with filling voids
with concrete grout or shotcrete have all proved successful. It is important to perform an
overall analysis to ensure that changes in stiffness introduced do not produce adverse
distribution of internal forces. Column jacketing ensures that the zones of likely damage
future carthquakes are confined to portions of the beams outside the connection. For
jacketing, the surface of the damaged member is first roughened and new reinforcement
is placed around it, then the forms are erected and the concrete is poured.



Instead of jacketing with a reinforced concrete shell as described above, reinforced
masonry which encompasses the existing section can be used to provide similar retrofitted
properties. A thin wire mesh can be provided in the bed joints to limit shear cracking and
to ensure continuity of the masonry and existing column section. A reinforced concrete
fillet in the joint arca is also recommended. For details, see Part II of the retrofit repornt

series (Bracci et al., 1992 ¢) of the continuing research program.

Column strength enhancement without complete obstruction of passageways can also be
obtained with a partial infill constructed on each side of selected columns in a structure.
The partial wall should not extend more than a few masonry units from the face of the
column; the precise number of blocks will generally be governed by the required
development length of the discontinuous positive beam reinforcement. Longitudinal
(vertical) wall reinforcement would extend through the floor slabs, and additional
transverse reinforcement and masonry joint reinforcement should be used in this design.
For details, see Pant II of the retrofit report series ( Bracci et al, 1992 ¢) of the

continuing research program.

1.5 Scope of Present Research

In this report, a fonn of the capacity design philosophy is applied to seismic retrofitting
and described in Section 2. Section 3 deals with column components. Two specimens
were tested, each adopting a distinct retrofit method. Section 4 addresses a one-way beam
column joint and its retrofit technique. The specimen was designed for gravity loads only.
The retrofit technique adopted gives due importance to the joint; often the weakest link
in the structure. Section 5 describes a two-way beam column joint which includes the
floor slab. Partially prestressed concrete, specifically post-tensioning, has been used

together with elements of reinforced concrete to develop an effective retrofit method.
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SECTION 2

CAPACITY DESIGN

2.1 Fundamentals of the Capacity Design Philosophy for New Structures

The capacity design method in its entirety has been based on the pioneering work of
Paulay and his co-workers. He summarizes it as follows: "In the capacity design of
carthquake -resistant structures, clements of primary lateral load resistance are chosen and
suitably designed for energy dissipation under severe deformation. All other structural
elements are then provided with sufficient strength so that the chosen means of energy

dissipation can be maintained.”

The capaciry design method is a deterministic procedure where the designer "tells the
structure what to do" in order to prevent the occurrence of undesirable failure mechanisms
such as shear, bond or anchorage, or a column sidesway/soft story mechanism. This
design procedure uses code-specified lateral static loads which arc apportioned in a
manner similar to the first mode si.ape. Elastic analysis is carried out and beam design
moments assigned based on redistribution of elastic bending moments. Columns are
designed based on the overstrength capacity of beam-strengths, in which an allowance is
made for higher mode response. The strength of those elements are enhanced because
they are not intended to participate in the primary energy dissipation process and require
added protection. Thereby the designer is able to control the mode and the areas in which
the structure forms its plastic mechanism.

The essence of the capacity design procedure lies in the formation of a weak beam-strong
column sidesway mechanism. This durable form of a collapse mechanism makes it
imperative for designers to insure that, when required, plastic hinges will form in the
beams at many or all floors as shown in Fig. 2.1 (a). The occurrence of the soft-story
sidesway mechanism, which constitutes the formation of plastic hinges in the columns of
any one story, is undesirable as the plastic hinge rotational demands are excessive for
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a given structure ductility.

The challenge of designing an earthquake-resistant reinforced concrete building lies in
determining the expected forces andfor deformations in a preliminary design and
providing resistance by appropriate proportioning of member strengths. Particular care
needs to be taken in the detailing of members and their connections. This is a two-fold
process: one of which is determining the expected demands and the other providing the
necessary capacity for the structure in question. Special emphasis is placed on those
regions whose failure can affect the integrity and stability of a significant portion of the

structure.

The New Zealand loadings code (NZS4203) and concrete code (NZS3101) were among
the first to explicitly adopt this philosophy of design. Subsequently the ACI Code 318 has

implicitly adopted aspects of this approach by the inclusion of the following equation:

Y M6/5) M, -1

where z M,= sum of moments, at the center of the joint, corresponding to the design
flexural strength of the columns framing into the joint. Column flexural strength shall be

calculated for the factored axial force, consistent with the direction of the lateral forces

considered, resulting in the lowest flexural strength and E M g~ sum of moments, at the

center of the joint, corresponding to the design flexural strength of the girders framing
into that joint. It should be noted that the yield strength to be used for the girder
reinforcement is to be factored up by 1.25 to give the over-strength moment. This
equation was first introduced as Eq. A-1 in the 1979 edition of the ACI 318, and now
exists as Eq. 21-1 in the 1989 cdition.
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Fig. 2.1 Mechanisms of Failure of a Frame (a) Beam sidesway (b) Column sidesway
(c) Hybrid Mechanism
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2.2 Capacity Analysis and Redesign of an Existing Gravity Load Designed Frame

This section sets forth an application of capacity design principles for the seismic retrofit
and strengthening of existing structural systems and will be referred to herein as capaciry
analysis and redesign. The primary objectives of capaciry analysis and redesign of an

existing gravity load designed frame are threefold:

1. Conversion of a weak-column/strong-beam structure to a dependable strong-
column/weak-beam structure. This implies a change of the failure mechanism of

the structure from a column sidesway or hybrid mechanism to a beam sidesway

mechanism.
2. Upgrade the ductility capacity of the column hinges at the ground floor level.
3. Enhance the strength capacity of the beam-column joint core.

These objectives are achieved by following a sequence of design stages which are

presented below:

Flexural check of beam strength distribution

In most stuctures that are designed for graviry loads ( 1.4D + 1.7L) the bottom positive
reinforcement of the beams is discontinuous with only 6" embedment into the joint. It is
of importance to provide a dependable positive moment capacity to ensure the negative
moments are capable of being redistributed. This may be accomplished by providing a
joint fillet. The design length of the fillet to be provided is dictated by the anchorage
length required for the positive (bottom) reinforcement of the beam. This is calculated by

using the ACI formulation:

I, = 0024,f, | \f. (2.2)

As the existing embedment into the column may have been damaged from previous in-
service loadings, this length should be provided from the face of the original as-built

column.
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Check of shear strength

When a structure is redesigned, it is not the intention of the designer to increase the shear
capacity of the beams to the code specified strength as required of a new structure. The
designer, on the other hand, should isolate only those critical regions which are included
in the active energy dissipation process, such as potential plastic hinges and assess their
shear strengths. The center regions of beams also should be assessed for shear strength.
Some supplementary transverse reinforcement may be necessary for beams with few or

no stirrups, but this is generally too difficult to warrant implementing.

Flexural strength redesign of columns

The first objective of capacirv analvsis and redesign is achieved by augmenting the
flexural strength of the existing columns. The principal aim is to minimize additional
reinforcing steel that needs to be added in order to alleviate congestion when pouring
concrete in a confined space. To best achieve this objective, principles of prestressed
concrete can be employed. By keeping the column uncracked at all times, the intrinsic
shear strength of uncracked concrete (V_, or V, as applicable) should be sufficient to

resist the most adverse shear force, obviating the need for transverse reinforcing steel.

Consider the stress blocks of a column under combined axial load and flexure as

illustrated in Fig. 2.2. The respective equations for the outermost compression and tension

fibers for concentric prestress are as follows:

P M
-— -2 (23)
A, S,

P M
- . 2 24
Y + s, <sf (2.4)

in which P = total axial load from prestress and gravity effects (= P’ +P) M=

moment demand and §, =4 ‘d/6 = section modulus where A4 = gross cross-section area.

The maximum allowable compression and tensile strength under transient carthquake

loads may be taken as fc--0.6j: A 12Jj_z (psi. units), respectively. By dividing Egs.
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23 and 24 by —fc/ the following tension positive non-dimensional equations are

obtained:

P _ M
AL, A Sfd

s 0.6 (2.5)

P _ M _ 12

Af Afld /]f

(2.6)

. / . . .
where d = depth of section and f, = compressive strength of concrete in psi.

The optimal axial load will occur when Eqgs. 2.5 and 2.6 are solved simultaneously giving:

Poa(oa-&, @)

) Vi

Assuming tension cracking prevails, the section can be sized from Eq. 2.6 which can be

re-written as:

6M

4 L2 - PrA)

A

(28)

where the value of M = design moment is determined from Eq. 2.1. In Eq. 2. an axial
load ratio can be assumed, or the optimum value from Eq. 2.7 can be used if minimum

dimensions are desired.

Once the section size is determined, the longitudinal reinforcement is fixed. This limits
the steel content for the RC column between respective minimum and maximum
volumetric ratios of 0.01 and 0.03, with the latter limit being necessary to minimize steel

congestion. For the PSC column, the ratio of the prestressed reinforcement for the

computation of moment strength shall be such that w, = (p’,f")[f: is not greater
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than 0.36p, where p, = A, /bd, = ratio of prestressed reinforcement, f,, = stress in

prestressed reinforcement at nominal strength calculated from Eq. 2.9and P, = a factor

to be taken as .85 for concrete strengths, f:,’ , up to and including 4000 psi, and for
strengths greater than 4000 psi. P, is reduced at a rate of 0.05 for each 1000 psi.,
but B, is not taken less than 0.65. The type of steel should be a high strength variety

efficient in post-tensioning. The amount of prestress applied to the upper columns should

be limited to 70% of ultimate strength of the prestressing bar used.

For an unbonded post-tensioned column, it is necessary to determine the dependable

ultimate strength using the maximum steel stress. f" , calculated in accordance with ACI

318-89 which states:

f/
= < 29
S = J, + 10,000 + 00 p, 2.9)

and the maximum value of f” in Eq. 29 is limited to the lesser of fn and

(f,+60,000) ,where f, = specified yield strength of prestressed tendons in psi., f,,

]

cffective stress in the prestressed reinforcement (after allowance for losses) psi., P,

ratio of prestress reinforcement.

Once the longitudinal steel and the prestress values have been determined, Eqs. 2.4 and
2.5 may be plotted on an axial load-moment interaction diagram as shown in Fig. 2.3.
The difference between the cracking and the ultimate sorfaces should be checked to
ensure there is a reserve strength capacity which is protection against moment
magnification due to higher mode response. This reserve capacity should preferably be
greater than 1.5 but need not be greater than 2. If it is observed that cracking could occur
at the estimated moment demand or the axial load is less than the optimum value,

additional prestressing should be used in the upper story columns.
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Fig. 2.2 Stress Block Diagram for Redesign
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Fig. 2.3 Axial Load-Moment Capacity Interaction Diagram
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The design shear on the column should be calculated from considering the critical end

moments; it is given by V, = 2M [/ h  where h_ = clear height of the column

and M, = the nominal strength of the columns with the factored axial load applied. This

is used in the detailing of the transverse reinforcement of the redesigned columns.

Transverse reinforcement detailing of redesigned columns

For the lower story, where a RC column should be used at the ground floor level, the

shear capacity of the section should satisfy V, < §(V, «+ V) where V, = A,fydls

nominal shear strength to be provided by shear reinforcement and V, = L/Eb‘j =
nominal shear strength to be provided by concrete. The confining steel for the plastic
hinge zone of the lower story column should be checked and the maximum spacing to

be provided should be in accordance with s < 8d, where s =spacing of the hoops,

and d, =diameter of longitudinal reinforcement used.
For a PSC column without requiring transverse hoops V, < ¢V, where V, is the lesser

of V, and V_ given by:

v,
V, = 06/fbd + FIM_" (2.10)

but should be ¥, 2 1.7fbd .

V., = 35\1-03 )b d 2.11)

where, ¥V =nominal shear strength provided by concrete when diagonal cracking results

from combined shear and moment, f, = specified compressive strength of :oncrete in

psi. b, = web width or diameter of circular section, d = distance from the extreme

compression fibre to centroid of longitudinal tension reinforcement, but not less

than 0.80A for prestressed members, V, = factored shear force at section due to



extemally applied loads occurmring simultancously with M, . . M, = maximum

factored moment at section due to externally applied loads, M, = moment causing

flexural cracking at section due to extemally applied loads, f, = compressive strength

in concrete at centroid of cross section resisting extemnally applied loads in psi.

Eq. 2.10 govems when the shear failure is initiated by flexural cracking. If the column

4 2M
end moments are considered then I = —£ = % which when substituted in Eq.
e M, AM,

2.10 gives the following equation:

V, = 06/fbd + (2.12)

Mtf
0.5h

(2

in contrast when the principal tensile stresses exceed the tensile strength of concrete web

-shear cracking occurs and Eq. 2.11 govemns.

Detailing of beam-column joint

The last step of capaciry analvsis and redesign concems itself with the beam-column joint
connection. The design length cf the joint fillet (Refer Fig. 2.3a) was decided in the first
stage of the redesign. However, a check should be made to ensure there is adequate
anchorage of the top reinforcement against a sliding bond failure. If at least 40
longitudinal bar diameters are present between the outer faces of adjacent fillets,
anchorage should not be a problem. Otherwise, it is recommended that the fillet length

be extended to accomodate this anchorage necessary to avoid a sliding bond failure.

The horizontal joint shear should be calculated from the equilibrium of the subassemblage
{(Refer Fig. 2.3b). This is computed as:

M +M,
V» - l' e _ Vcol (2.13)
M



where jd = depth of intemal lever aim = ( d-d’) , EM‘ - M;*M; = over

strength capacity of girders = ( A,+A, )( 1.25f, Yid ., hence Eq. 2.13 can be written as:

1 UL, (2.14a)

y;ﬁgj::A‘l(;;_ h,

= + - -iE
Va = 4, + A)(1.25£)(1 L.'h,) (2.14b)

The horizontal joint shear V,, is resisted by V,_, = horizontal joint shear resisted by

concrete alone through a strut mechanism and by V,, = horizontal joint shear resisted

by the fillet reinforcement. This can be represented by the following equation:

V”-Vdd‘l’

. (2.15)

This method of capaciry analysis and redesign includes a fillet which provides anchorage
for the bottom reinforcement. If the structure in question has unbonded positive (bottom)
beam reinforcement adjacent to the columns due to previous seismic activity, a layer of
steel in the fillet of equal arca as the positive beam reinforcement needs to be provided
as shown in Fig. 2.4(a). It is important to realize that the presence of the joint fillet
precludes the formation of any plastic hinge at the joint. Thus for an elastic joint, if

VaséV,, (where V_ is determined from Eq. 2.10 ), no additional joint steel need
be provided. If however Vﬁzon » Eq. 2.15 will apply and V_, can be determined
using Eq. 2.10, or by the following equation suggested in the New Zealand code NZS

3101:

W,

o (2.16)

!
A, P
Vd = 0.5_( l +
A, 0.4 ffA‘
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where B = AJ/A,

ratio of the beam/fillet compression to tension reinforcement

where 0.5<p<1 . For the remainder of the horizontal joint shear force resisted by fillet

vV

steel, V,,

Ay

2.3 Summary of the Design Processes

Vo - Va

.1

, the required area is calculated from Eq. 2.17.

2.17)

This section summarizes the aforementioned design methodologies. 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 1 : Longitudinal Beam Reinforcement

D.1 Flexural design of beams:

Beams are designed and propotioned for
moments which are a result of applying
the moment redisrribution process to the
elastic design code actions. Beam plastic
hinges are generally located ar the
column face and adequately detailed for
duculity. From the actual reinforcement
provided the beams flexural overstrength
capacity is assessed. This is used in
beam shear and column strength design.
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R.1 Flexural check of beam strength
distribution:

The anchorage of the positive
reinforcement at the beam-column joint
connection should be paricularly
considered. If the bottom bars are
discontinuous then a means of providing
dependabie positive moment capacity
needs to be devised for enhancing
scismic resistance. A beam joint fillet is
a recommended solution. From the actual
reinforcement provided the beams
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 for the entire beam to be
greater than the shear corresponding to
the maximum possible flexural strength
ar the plastic hinge region of the beam.
The wunderiving premise being that
inelastic shear deformation does not
provide the essential charecteristics for
energy dissipation.

R.2 Check of shear strength:

It may not be the intent to bring beam
shear capacity up to code strength for
new design. However, critical regions
such as potential plastic hinge zones and
the centers of beams which may have
little or no shear reinforcement should be
assessed for shear strength and
supplementary  stirrups  provided,if
necessary.

Step 3: Longitudinal Column Reinforcement

D.3 Flexural Strength design of
columns:

The nominal flexural strength of the
columns is computed by considering the
beam overstrengths. This ensures a
weak-beam!/strong-column  failure
mechanism. It should be mentioned that
the beam flexural overstrengths are
determined and then an additional
allowance is made to account for
possible  higher-mode  structural
response. From the actual longitudinal
reinforcement provided the flexural
capacity is assessed. This is used in the
next step for column shear design.
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R.3 Flexural strength redesign of
columns:

The required flexural strength of the
columns is computed from the assessed
beam overstrengths. The optimum axial
load ratio is computed which helps size
the column section. The lower story
column is designed as a conventional RC
section. If the imposed axial load due to
gravity for the upper story columns is
less than the optimum amount, prestress
is applied to the 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 moments 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 generallv also required in the
potential plastic hinge zone

R.4 Transverse reinforcement detailing
for the redesigned columns:

For the lower story RC column step D.4
applies for the shear steel design. For the
upper story PSC columns use the
prestressed concrete code equations to
determine the shear resisted by the
concrete. Generally the intrinsic shear
strength of the compressed concrete
would be greater than the ultimate shear
to be resisted, clse provide
supplementary transverse shear
reinforcement.

Step 5: Beam Column Joint

D.5 Detailing of the beam-column
joint:

The beam column joint is a poor source
of energy dissipation and thus needs to
be detailed 10 resist the high shear input
from the beam and column actions. In
this step the designer should atrempt to
keep the joint elastic by reducing if not
eliminating any inelastic deformation due
to the joint shear forces and bond
deterioration.
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R.S 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 in the Step 1 of the
redesign, the designer should attempt to
detail fillet reinforcement in this step.
The joint may be considered to behave
in an elastic manner and the shear
resisted by concrete in eiastic joints is
computed. If the input shear forces from
the beams and columns exceed that
resisted by concrete via strut action
provide the necessary reinforcement.
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Fig. 2.4 (a) Diagram of Joint Fillet (b) Equilibrium of Subassemblage
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SECTION 3
EXPERIMENTAL STUDY ON GRAVITY LOAD DESIGNED COLUMNS

3.1 Introduction

In this section an experimental study of two retrofitted columns is presented. The
original/as-built specimens were one third scale model columns of a prototype building.
These specimens were constructed, tested and presented in Part 11 of the evaluation report
series (Aycardi et al. 1992). The results of these original tests are reviewed to furnish an
appropriate basis for evaluating the post-retrofit performance of the specimens. Both
specimens were tested under increasing amplitudes of reversed cyclic lateral loading to
simulate the effect of strong ground motions in order to investigate their strength and
ductility capability. Conclusions are drawn on the failure mode and the ultimate capacity

of the specimens before and after the retrofit/rehabilitation.

3.1.1 Materials
A high strength concrete mix was used for the retrofit process. The mix was a propriety
Magnesium Ammonium Phosphate concrete of the high strength early setting type.

Additional information about the mix is given in Section 5.3.2.

The reinforcement of the original/as-built specimen consisted of two types of steel,
annealed and regular. The annealed steel comprised of D4 bar with yield strengths (f,) of
65 ksi. The regular steel consisted of plain round #11 gauge wire with a measured yield

strength of f, value of 54 ksi.

In addition to the longitudinal D4 bars and #11 gauge wire hoops used in the as-built
specimens the reinforcement for the retrofitted specimens, consisted of:
1. High strength thread-bar with a nominal diameter of 3/8". The d, was 5/16"
based on the root thread diameter, hence A,=0.077 in’ and f,=120 ksi.

2. D1 wire (A,=0.01 in’.) for transverse reinforcement f,=140 ksi.
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The results of the coupon tests for all the steel types are shown in Fig. 3.1.

3.2 The Original/As-built Specimen Performance

3.2.1 The Specimen

The experimental testing configuration presented in Part 1I of the evaluation report series
(Aycardi et al. 1992) for the original/as-built specimens is shown in Fig. 3.2. Fig. 3.3
presents the original model, reinforcement for the columns and the column bases. The

value of f'_ for the original/as-built specimens was 4.35 ksi.

3.2.2 Testing and Results

The specimen was tested with a constant axial load of 21.2 kips. This was based on
P=0.3f A,. Flexural cracks were first observed at the end of the £1% drift cycles; with
progressive drift cycles cracking increased. During the £3% drift cycles the cover concrete
in the bottom 6 in. of column started spalling. Buckling of the longitudinal bars was
observed at the end of the 4% drift cycles. The column failed due to buckling of the
longitudinal bars and crushing of the core concrete during the £5% drift cycle.

The force-drift and the lateral load-rotation graphs for the as-built/specimen are shown
in Fig. 34.

3.3 Retrofit of the Damaged Columns

3.3.1 Retrofitting Techniques

The previous testing of the as-built/original columns showed that although the columns
attained drift amplitudes of 5% while still maintaining their nominal strength, the,
subsequently failed on cycling due to buckling of longitudinal bars and crushing of the
core concrete. For column retrofits in buildings which possess strong beams and weak
columns, it was decided that the primary objective of the retrofit scheme should aim at
increasing strength. The ductility demand on the columns would effectively be reduced
due to an increase in strength. For the lower story columns where a hinge is expected to
occur at ground floor level, ductile reinforced concrete detailing should be used.

3-2



Two identical specimens previously tested, as described in the preceding sections, were
retrofitted. One of the damaged specimens was retrofitted using the principles of
conventional reinforced concrete - herein refered to as the RC specimen. The other
specimen was retrofitted using the concepts of partially prestressed concrete and referred
to herein as the PSC specimen. The retrofitting scheme for both the specimens entailed

a minimal enlargement of the columns from 4"x4" to 6"x6" square section.

3.3.2 Construction of the Retrofitted Specimens,

The residual plastic deformation of the column specimens resulting from previous testing
was eliminated using a jack. All loose concrete primarily around the bottom 6" of the
column was removed and the surfaces were thoroughly cleaned. A steel plate 16x8x%/; in.
with a central 4"x4" hole, 1o accommodate the as-built column, was fabricated and placed
in position. This plate served as the base for the placement and anchorage of additional
longitudinal steel which was accommodated in appropriately threaded holes. For the PSC
column the longitudinal thread-bar steel was sleeved in plastic tubes. This ensured that

later post-tensioning could be applied to the unbonded tendons.

The longitudinal reinforcement for the retrofits consisted of four high-strength thread-bars
- (d,=0.3125", A=0.077 in> and f,=120 ksi.); Refer to Fig. 3.1 for the stress-strain

relationship.

The transverse reinforcement consisted of a wound square spiral of D1 wire at a center-
to-center spacing of 2 in.( Refer Fig. 3.5). Transverse reinforcement was not required for
the PSC column due to the high intrinsic shear strength of compressed concrete. Lateral
tics were only placed in the top 6" of the column to prevent any local failure at the point

of application of the lateral load (Refer Fig. 3.5).

The wooden formwork was placed around the new reinforcement cage and the concrete

was cast in one pour. The average value of f°_ at the time of testing was 4.8 ksi.
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3.4 Experimental Set-up and Instrumentation
The general set-up of the test rig was the same as the one used for experiments on the

original/as-built specimen shown in Fig. 3.2.

The axial load for the RC specimen was applied with a 22 kip servo-controlied hydraulic
actuator. This was held in place with the help of two */, in. tie down bars which were
used to apply the axial load by transferring the reaction onto a plate and the reation

frame.

Post-tensioning of the PSC column was applied with a 60 kip hydraulic jack. A total post-
tensioning force of 28 kips was applied using an under-stress/over-stress relaxation
technique. The total prestress was 60% of the ultimate strength of the thread-bars.
Lateral load was applied to the specimen by a 6 kip servo-controlled hydraulic actuator.
Loads were measured by a load cell calibrated to an accuracy of £0.01 kips. Rotations
were measured by two series of linear potentiometers which were attached in pairs, one
to each side of the column. These potentiometers had a calibrated resolution accuracy of
$0.001 in.

Data from all channels was recorded on a 486 PC computer at a sampling rate of 1 Hz.
using Labtech Notebook software. A backup lateral load vs. displacement plot was
recorded on a 7090A analog Hewlett-Packard X-Y plotter during each test. The recorded
data was exported to a spreadsheet program for analysis.

The comparative strength of the original/as-built and the retrofitted specimens is shown

in the form of an interaction diagram in Fig. 3.6.
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3.5 Experimental Testing of the RC Retrofit

Due to high strength of the RC column and the force limitations of the lateral load jack,
it was necessary to quasi-statically test the specimen in seven stages with decreasing
levels of axial load. This was followed by a quasi-dynamic test on the same specimen.
The input signal for the horizontal actuator for all quasi-static tests and the quasi-
dynamic test was a sine wave with cycling frequencies of 0.01 and 0.5 Hz., respectively.

Stage 1 refers to the testing of the original/as-built specimen.

In Stage 2 of testing the applied axial load was 21.2 kips the same applied to the
onginal/as-built specimen in Stage 1. The specimen was tested at £0.25%, $0.5%, 1%

drift amphitudes. The horizontal actuator capacity was reached at this stage.

The Stage 3 of testing was carried out at +).25%, $0.5%, t1%, +2% drift amplitudes.
The axial load on the specimen was reduced to 14.3 kips to represent the load in the 3
story. model. Prior to attaining the 2% dnft amplitude, the horizontal actuator load

capacity of 6 kips was reached at a drift amplitude of £1.25%.

The axial load on the specimen was further reduced to 9.5 kips for Stage 4 of testing. The
actuator capacity limited testing to drift amplitudes of 1% and £1.5% at the maximum

load of 6 Kips.

For  Stage 5 the specimen was tested under proportional axial loading

with P=(6.95+2H) kips similar to Aycardi's specimens 3 and 4. The specimen was
tested atincreasing drift amplitudes of 10.5%, 1%, 12% after which the horizontal

actuator capacity was reached.
The specimen was tested with an axial load of 7 kips and 5 kips for Stage 6 and Stage

7 respectively. The capacity of the horizontal actuator limited testing to drift amplitudes

of £1%., £2% for this stage.
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A comparison of the elastic stiffness’ of the original/as-built and RC specimen shown in
Fig. 3.7. It is evident that the elastic stiffness of the RC retrofit was 300% of the
original/as-built specimen.

The RC specimen behaved elastically during the Stages 2, 3, 4 of testing as seen in Fig.
3.8. In Stage 5, of testing of the RC column there was reasonable amount of hysteresis
in the reverse direction since the column specimen became weaker due to reduction of
axial load. There were flexural cracks at the bottom 6" of the column. Fig. 3.8 also shows
Stages 6 and 7 of testing in which the specimen displayed some energy dissipation
indicated by comparatively wide hysteresis loops. This is attributed to cracked response
behavior rather than steel yielding.

The axial load on the specimen was further reduced to 3 kips for the Stage 8 of testing
and subsequently tested at increasing drift amplitudes of £1%, £2%, £3%, £4% and £5%.
The force vs. drift and the lateral load vs rotation relationships for Stage 8 is shown in
Fig. 3.9. During this stage there were extensive shear and flexural cracking at the base
of the column. The column strength exceeded the nominal capacity in both directions
though a gradual drop in lateral force is observed in the reverse direction.

The RC specimen under quasi-dynamic at a drift amplitude of $+4%. The column strength
dropped to 75% of its value before the test in four cycles at +4% drift. The sinusoidal
input signal had a frequency of 0.5 Hz. (Refer Fig. 3.10).

3.6 Experimental Testing and Results for the PSC Retrofit

The PSC specimen was quasi-statically tested at increasing drift amplitudes of +0.25%,
11%, £2%, 3%, £4% and +5%. The initial half-cycle of loading for all tests was in the
reverse direction followed by the forward cycle.

The PSC specimen performed very well up to the +3% drift amplitude with no visual
cracking observed. At this juncture the */;" base plate cracked due to fatiguc of threadbar
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artachments and there was a large loss of axial prestress hence a major drop in the lateral

force was observed.

The behavior of the PSC specimen was essentially elastic at the 0.25% dnft. A
comparison of the elastic stiffness of the original/as-built and the PSC specimen is shown
in Fig. 3.7. The elastic stiffness of the PSC retrofit was 150% of the original/as-built
specimen.

3.7 Conclusions
The following conclusions are made based on the observations of the previous testing of

the as-built specimens and the testing of the retrofitted specimens:

1. The principal objective of the seismic retrofit redesign was the augmentation of
strength. This was achieved for both RC and PSC specimens.

2. A second objective for the RC column was to ensure a ductile post-yield behavior
through the provision of transverse reinforcement. The specimen behaved well showing

excellent energy dissipation up to drift amplitudes of 5%.

3. Although it was not the intention of ensuring ductile inelastic response for ii:= PSC
column, nevertheless it behaved well showing a surprisingly good energy dissipation
capability up to 3% drift amplitudes. In spite of absence of transverse reinforcement there
was only a modest decay in strength due to shear.
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SECTION 4

EXPERIMENTAL STUDY ON GRAVITY LOAD DESIGNED ONE-WAY
BEAM COLUMN JOINTS

4.1 Introduction

In this section. an experimental study of a retrofitted one-way beam column joint is
presented. The original/as-built beam-column joint was a one-third scale specimen
designed in accordance with the ACI 318-89 for wind and gravity loads ( e.g. U = 1.4D
+ 1.7L) only. This non-seismic design is typical of the eastem and central United States.
The results of the original test are reviewed herein to provide an appropriate basis for
cvaluating the performance of the retrofitted/rehabilitated beam-column joint. Conclusions
are drawn on the failure mode and the ultimate capacities of the specimen before and

after the retrofit/rehabilitation.

4.1.1 Materials

The concrete for the original/as-built specimen consisted of Type 1II - Rapid hardening
cement, Type 1 crushed stone, coarse sand and water. A 440 N super plasticizer was
added and air-entrainment upto 3.0% was allowed. The average compressive strength of

concrete was 4.3 ksi.

The reinforcement of the original as-built specimen consisted of two types of steel,
anncaled and regular. The anncaled steel comprised of D4 bars with a yield strength, £,
of 65 ksi. The regular steel consisted of plain round #11 gauge wire with an f, value of
54 ksi.

The mix for the retrofitted specimen was a propricty Magnesium Ammonium Phosphate
concrete of the high strength early setting type. Additional information about the mix is

given in Section 5.3.2.

In addition to the longitudinal D4 bars and #11 gauge wire hoops used in the original/as-
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built specimen, the reinforcement for the retrofitted specimen consisted of D1 wire ( A,

= (.01 in?) for transverse reinforcement which had a f, valuc of 140 ksi.

The results of the coupon test for all the steel types are presented in Fig. 3.1 of the

previous section.

4.2 The Original/As-built Specimen Performance - STAGE 1

4.2.1 The Specimen

A schematic diagram of the test set-up for the original/as-built specimen is shown in Fig.
4.1. The rig used for testing was the same as the one described in Section 5 and shown
in Fig. 5.1. Fig. 4.2 presents the reinforcement diagram for the beams and columns of the

original/as-built specimen.

4.2.2 Testing and Results
The original/as-built specimen was tested quasi-statically without any axial load at
increasing drift amplitudes of £ 0.1%, £1%, £2%, +3% and $4%.

The behavior of the specimen was essentially elastic at the $0.1% drift cycles. In
subsequent cycles the specimen exhibited wider hysteresis loops in the subsequent as
shown in Fig. 4.3. The nominal capacities presented in Fig. 4.3 represent three states of
full anchorage, partial anchorage and no anchorage of the bottom positive beam

reinforcement.  For the first state A, = 24, , the second state assumes

A =24 column embedment
s I%
development length

A, = the area of positive beam (bottom) reinforcement used for calculating the nominal

.and finally A4, = O for the no anchorage state where

capacity and A, = area of positive beam reinforcement. The pinched appearance of the
hysteresis loops is predominantly seen in the +3% and $4% drift amplitudes. This is
aitributed to pull-out of the positive (bottom) discontinuous beam reinforcement which
commenced at the £3% drift cycles.



Fig. 4.4 shows the load-rotation plots for the beams; clearly the mechanism exhibited by
the specimen was predominantly in the form of a beam-sidesway one, although an
appreciable amount of inclastic behavior is also evident adjacent to the joint. The behavior

of the top and bottom columns is seen in Fig. 4.5.

The beam-column joint behavior is shown in Fig. 4.6. The original/as-built specimen had

inadequate joint shear strength because of the absence of confining/joint shear steel.

4.3 Retrofit of the Damaged Beam-Column Joint

4.3.1 Retrofit Technique

The previous testing of the original/as-built beam-column joint showed that although the
specimen developed a beam-sidesway mechanism, it left the joint thoroughly weakened.
The lack of joint shear reinforcement and core confinement in gravity load designed
members make it inadequate to resist large rotations associated with plastic hinge zones
without the occurrence of crushing. The main objective of the retrofit was to rehabilitate
the damaged joint core. Prior testing of the original/as-built specimen had also caused
damage to the south beam at the point of discontinuity of the top (negative)
reinforcement. To prevent additional damage localized in that region it was decided to
bond plates on both the north and south beams to augment their negative moment
capacity. It was also decided to increase the column size minimally from a 5"x5" to a
6"x6" section. This would help increase the strength and proportionately reduce the
ductility demand on the columns.

4.3.2 Construction of the Retrofitted Specimen

The residual plastic deformation of the beam-column specimen resulting from previous
testing was eliminated using a jack. All loose concrete primarily around the beam-column
joint was removed and the surface was thoroughly cleaned.
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Fig. 43 Force-Drift of the Original/As-built Specimen
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Appropriate holes were made on both the north and the south beams at 7.5" from the
original column face to accommodate three layers of joint shear reinforcement for the
fillet.

Additional longitudinal reinforcement consisting of cight D4 bars was placed around the
original/as-built 5"x5" column held in place with tie wire. The stress-strain relationship
for the D4 bars is presented in Fig. 3.1 of the previous section. The three layers of joint
shear reinforcement was then placed and welded for continuity as seen in Fig. 4.7. The
transverse reinforcement consisted of a wound spiral of D1 wire at a center-to-center

spacing of 2" ( Refer to Fig. 4.7). The spiral was wound for the entire column length.

Formwork made out of 22 ga. galvanized sheet metal was placed around the columns and
fillet and the specimen was concreted in three stages; first the bottom column, followed

by the joint fillet and finally the top column was poured. The average value of j: at the
time of testing for the three pours was 4.8 ksi.

4.4 Experimental Set-up and Instrumentation

The rig used to test the retrofitted specimen was the same as the one used for the
original/as-built specimen. A schematic diagram of the test set-up for the retrofitted
specimen is shown in Fig. 4.8.

Lateral load was applied to the specimen by a 6 kip servo-controlled hydraulic actuator.
Loads were mecasured by a load cell calibrated to an accuracy of $0.01 kips.

Rotations were measured by sets of lincar potentiometers which were attached in pairs,
one to each side of the columns and beams. These potentiometers had a calibrated

resolution accuracy of £0.0001 in.

Joint shear strain was monitored with a purpose built device which measured the angular
deformation of the beam-column joint using a 1/2" linear potentiometer. This gave a joint
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shear strain resolution accuracy of 0.00002 radians.

Data from all channels was recorded on a 486 PC computer 24 channel data acquisition
.ystem at a data sampling rate of 1 Hz. using Labtech Notebook software. A backup
lateral load vs. displacement plot was recorded on a 7090A analog Hewlett-Packard X-Y
plotter during each test. The recorded data was exported to a spreadsheet program for

further analysis.

The comparative strength of the original/as-built and the retrofitted specimens is shown

in the form of an interaction diagram in Fig. 4.9.

4.5 Experimental Testing and Results for Retrofitted Specimen - STAGES 2 and 3
The retrofitted specimen was quasi-statically tested at 10.25%, +1%, +2%, +3% and $4%
drift level which constituted Stage 2 of testing. This was followed by Stage 3 a monotonic

pull test of the top column.

At the $0.25% drift level the specimen behaved elastically, as observed by the narrow
hysteresis loop shown in Fig 4.10. A comparison of the clastic stiffness of the original/as-
built and the retrofitted specimen is shown in Fig. 4.10. It is evident that the elastic
stiffness of the retrofitted specimen was approximately double the onginal/as-built

specimen.

The 1% drift cycles show comparatively wide hysteresis loops which is attributed to
cracked response behavior rather than steel yielding. Fresh flexural cracks developed just

outside the region of the joint fillet.
This was followed by the 2% drift cycles in which wide hysteresis loops were observed.

Cracking outside the fillet region was more pronounced. The lateral force in this cycle

reached the beam-sidesway mechanism capacity as observed from Fig. 4.11. At the end
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of the £2% drift cycles upon inspection of the specimen it was noticed that the 10"x
3',"x '/,¢" bonded steel plate on the south beam tended to pry out at this stage.

At the 3% drift cycle, the bonded plate on the south beam partially pried off. There was
an appreciable loss in strength and stiffness, causing a drop in lateral force resistance of
the specimen in the reverse direction. The cover concrete on both sides of the fillet began
to spall and extensive flexural cracks developed at the face of the fillets in the beams. The

columns showed no signs of damage.

The bonded plate on the south beam completely pried out and took with it some of the
cover concrete of the south beam at the £4% drift cycles. There was additional flexural
cracking on both beams outside the joint fillet. The bonded plate on the north beam was
intact and showed no signs of any localized damage. The columns continued to show no
signs of damage.

Fig. 4.12 shows the lateral force v< rotation plots for both the north and south beams.
The columns showed no signs of distress. This is confirmed by Fig. 4.13, the lateral load
vs rotation plots, which shows essentially clastic behavior for both the top and bottom

columns.

The joint behavior was mostly elastic as shown in Fig. 4.14. It appears from this plot
however, that due to load cycling, there was a strength decay in the concrete resistance
mechanism. Some apparent joint yielding occurred under positive loading at 2.8 kips
where the hoops appear to be providing a plastic truss resistance mechanism.

In general, the overall response was satisfactorily met the design objectives which were
to enhance the strength of the columns and the joint core, and to concentrate any damage
in the beam hinges. It is evident however, that the bonding of steel plates with epoxy
resin to the beam (in order to enhance the flexural strength) only has a limited life and

that after only a few reversals to maximum strength ( about 4 in this case) the bond is

lost.
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The Stage 3 of testing consisted of blocking the beams to avoid any sidesway movement
and then monotonically pulling the top column with the objective of determining the
ultimate lateral load carrying capacity of that column. Fig. 4.15 shows the results of this
test as a force vs displacement plot. The nominal ultimate strength presented in Fig. 4.15

is exceeded due to strain hardening of the longitudinal column reinforcement.

4.6 Conclusions
The following conclusions are made based on the previous testing of the as-built

specimen and the retesting of the retrofitted specimen:

1. The principal objective of the seismic retrofit and redesign was to augment joint
and column strength. This was achieved as confirmed by the essentially elastic behavior
of the joint. Column strengths of the subassemblage was also adequately increased

preventing them from actively participating in the energy dissipating process.

2. The joint fillet design successfully shifted the potential plastic hinge zone away
from the column face to the edge of the joint fillet and at the same time provided

adequate development length to prevent pull-out of the bottom longitudinal beam

reinforcement.

3 The bonding of the steel plates was successful at reducing the localized damage
in the top portion on the south beam which was badly damaged due to previous testing.

However, such a repair is good for only a limited number of load reversals.
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Fig. 4.11 Force-Drift for the Retrofitted Specimen
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Fig. 4.15 Results of the Pull test of the Retrofitted Specimen
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SECTION &
EXPERIMENTAL STUDY ON A SLAB-REAM-COLUMN SUBASSEMBLAGE

.1 Introduction

In this section, an experimental study of a retrofitted interior slab-beam-column-joint
subassemblage is presented. The original/as-built specimen was a one-third scale model
of an interior subassemblage of a prototype building. The full-size prototype structure was
originally designed in accordance with the ACI-318-89 code for gravity loads
(U=1.4D+1.7L) only. The original subassemblage specimen was tested by Aycardi (1992),
and cast simultaneously with a companion one-third scale model building which has been
tested by Bracci (1992b). The subassemblage specimen included the floor slab and the
transverse beams and was tested with additional kentlages to create similar initial bending
moments and shears near the joint connections with respect to the prototype. For the
purpose of comparison, the results of Aycardi’s (1992) original test are summarized herein
to provide a basis for objectively evaluating the effectiveness of the retrofit scheme
considered in the present study. Conclusions are drawn on the implications of the failure
modes observed in the subassemblage both before and afier the retrofit.

5.2 The Original/As-built Specimen Performance

5.2.1 The Specimen

The dimensions of the specimen were based on the interstory height and the typical spans
of the prototype building; the underlying assumption being that points of contraflexure
occur at mid column heights and approximately mid-span. The top column of the
specimen was sufficiently high to allow connection of both the horizontal and vertical
actuators.

The value of f, was 4.35 ksi. for the columns; for the beams and slab the value was 5.00
ksi. The details of the reinforcement used for the original/as-built subassemblage are given
in Table S.1.



Table 5.1 Reinforcement for Original/As-built Specimen

Steel Type f, E,
(ksi) (ksi)
D4 65 31050
DS$ 42 31050
#! Gauge 53 29800
#12 Gauge 54 29900

The configuration of the original/as-built specimen is presented in Fig. 5.1. The layout of
the slab, column and beam reinforcement is shown in Figs. 5.2, 5.3, 5.4 respectively.

5.2.2 Testing and Results - STAGES 1,2 and 3
The as-built specimen was tested in three stages. The axial load was kept at a constant
of 9 kips for all the three stages.

The signal for the horizontal actuator was a sine wave with a frequency of 0 20 Hz. for
three drift levels below 2% and 0.01 Hz. for all other cycles. The control was made using
the measured displacement coming from the sonic transducers at the level of the applied
load. Readings from all instruments were recorded continuously using a Megadac data
acquisition system with a data sampling rate of 100 samples per cycle of loading.

The Stage ] of testing consisted of two complete displacement controlled cycles at drift
levels of $0.25%, £0.50%, £1%, +2%, £3% and 14%. This stage of testing resulted in
some cracks located only in the upper column at the end of the +2% drift cycles. After
the 3% drift cycles were completed, flexural cracks increased and some spalling was
observed. The £4% drift cycles resulted in damage principally concentrated in the upper
column lap splice region. Little damage, apart from some superficial cracking was
apparent in the beams and the lower columns.
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In Srage 2 of testing, the horizontal actuator was moved down to apply the load 10 in.
from the top of the slab. This was 1o simulate the downward movement of the point of
contraflexure in the second story due to early formation of a column hinge. This second
stage followed a different test sequence: two complete drift cycles at each drift levels of
t1%. £2%. £4%. On completion of this stage, spalling and fiexural cracks were observed
in the upper and lower columns of the as-built specimen and the buckling of longitudinal
bars of the lower columns had commenced. No further damage was apparent in the

beams. It was thus evident that a weak column-strong beam mechanism had occurred.

Stage 3 of the test was designed to determine the positive and negative moment capacity
of the beams. The vertical actuator was fixed using two MC 6x18 beams which were
connected to the W 8x31 columns of the safety frame and to the steel plate to which the
actuator was bolted. The lower column was disconnected and the hinge was removed.
Hence the subassemblage was free to move when the vertical load was applied. The
monotonic test was executed pushing down and pulling up the upper colnimn with the
vertical actuator at the rate of 0.005 in./sec. The Stage 3 of testing caused a large crack
at the beam-column interface and a pullout of the bottom bars. Most of the top steel layer
of the slab was fractured along a yicld line.

The force vs. drift plots for Stage 1, Stage 2, and the moment vs. curvature plot for Stage
3 of the as-built specimen is presented in Fig. 5.4. The force vs. rotation plots for the top
column, bottom column, right beam, left beam and the drift contributions from each
component of the as-built specimen are presented in Figs. 5.5 -5.7.

This clearly shows that the failure mechanism of the as-built specimen was a weak
column-strong beam one, which is undesirable according to present day seismic design
philosophy.
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5.3 Retrofit of the Damaged Subassemblage Specimen

5.3.1 Retrofitting Technique

The specimen was retrofitted in accordance with the guidelines outlined in Section 2. A
combinarion of reinforced and prestressed concrete was adopted for the retrofit of the
damaged specimen. The top column of the subassemblage was prestressed. By effectively
increasing the axial compression of the column through prestressing the strength was
enhanced such that the response was primarily in the clastic range. Prestressing also
provided a construction advantage as no transverse hoops were needed in the column due
to the high intrinsic shear strength of uncracked concrete.

The bottom concrete column was conventionally reinforced. This was selected in
preference to prestressed concrete on the premise that in the event of an earthquake, the
base of the lowest story column of a structure would form a plastic hinge. A reinforced
concrete section with adequate transverse reinforcement would ensure adequate energy
dissipation in the cracked state. Also, enhanced strength by using post-tensioning at the
lowest story of a structure may not be desirable since any increase in strength of these
heavily loaded columns could induce excessive moments into the foundation system. The
lower story also acts as a zone in which the prestressing bars can be anchored (bonded)
for the upper stories that arc post-tensioned.

The construction of the joint fillet served two purposes. First, it provided adequate
development length for the positive (bottom) longitudinal steel of the beams; and second,
it accommodated the much needed shear steel in the beam-column joint region.

5.3.2 Construction of the Retrofitted Specimen

The occurrence of a weak column-strong beam failure mechanism during the previous
testing on the as-built specimen justified concrete jacketing of the columns of the
subassemblage. This entailed a minimal enlargement of the columns from 4"x4" to a
6"x6" square section.
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The steps adopted in the retrofit process were as follows: All the loose concrete around
the column area and the beam adjacent to the column face was removed. Triangular holes
were made through the slab in each of the four quadrants adjacent to the longitudinal and
transverse beam junctions. This was to facilitate easy pouring of concrete to the bottom
column, the joint fillet and also to allow the passage of longitudinal threadbar
reinforcement. A set of two 0.5 in. dia. holes were made on each of the four beams
centered at S in. from the face of the original 4x4 in. column to accommodate the joint
shear/fillet reinforcement. These areas were thoroughly cleaned so that there would be
adequate bond between the old concrete, fresh concrete and the new joint shear steel.

The longitudinal reinforcement was placed for the entire length of the top and the bottom
column. The reinforcement was securely screwed onto the specially designed couplers to
connect to the base plate on the bottom column. Above the slab level, the unbonded
threadbar reinforcement for the top column was sleeved in a %/, in. dia. plastic tube.

The transverse steel for the bottom reinforced concrete column consisted of a square
wound spiral which was wound at a pitch of 2" and secured to the longitudinal threadbars
by tie wire. The joint shear/fillet reinforcement was placed in two layers through the 0.5
in. dia. holes made in the beams. Each layer was placed in four parts and the laps fillet
welded for continuity in a single pass. Transverse hoops were only placed in the top
portion of the upper column to prevent local failure due to stress concentration at the
point of application of the lateral load.

The column formwork was constructed from 22 ga. galvanized sheet metal. The entire
formwork was split into two halves, which folded into each other to form the appropriate

shape.

The concrete mix used for the retrofitting process was a proprictary Magnesium

Ammonium Phosphate concrete of the high-stength early setting type ( Set-45, Hot
Weather, supplied by Master Builders Inc.). This type of concrete product was chosen
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because it provided material propertics that were ideal for the retrofitting operation. To
state a few advantages of this concrete: The water content was low, only §.34% by
weight, resulting in minimal shrinkage. This ensured a good bond between the old and
new concrete. According to the manufacturers specification, the compressive strength of
the mix is expected to be 3000 psi. and 5000 psi. at 2 and 24 hours respectivelv. This
high early sirength enables a rapid rurn around of formwork and minimum interference
time in a building being rehabilitated. The concrete mix had its own pre-mixed aggregate
of size '/, in. down. Up to 60% extension is permitted using '/, in. down aggregate
without expecting any significant loss of compressive strength. The mix afforded the
artainment of its maximum flexural strength of 1000 psi. in 20 hours. The mix had an
adequate amount of super-plasticizer which gave it an inherently high slump mix resulting

in easy pouring over the tall height with narrow cavities.

The retrofitted subassemblage was poured in three stages. Firstly the lower column,
secondly the joint fillet and the triangular holes in the floor slab and finally the upper

column was poured. The average value of f: for the retrofitted specimen, obtained from
testing three 4x2 in. cylinders of each stage, was 4.8 ksi. at the time of testing.

5.3.3 Reinforcement for the Retrofitied Specimen

Four 0.375 in. dia. high-strength threaded rods were used to longitudinally reinforce the
upper and lower columns ( see stress-strain diagram Section 3.1.1). The reinforcement for
the bottom column was bonded giving a 6x6 in. reinforced concrete column. The
reinforcement for the top column was unbonded, sheathed in a plastic tubing giving a

post-tensioned prestressed column.

Transverse reinforcement was provided only in the top portion of the top column, to
prevent local failures, by way of stirrups of D1 wire at 1 in. center-to-center spacing. For
the bottom column transverse reinforcement consisted of a wound square spiral of D1

wire at 2 in. center to center ( Refer Fig. 5.9 ).
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The jount region consisted of a fillet which extended 6 in. from the face of the original
4x4 in. column. This distance was determined on the basis of the development length
required for the bottom bars of the iongitudinal beams. The reinforcement consisted of

two layers of unannealed D4 bar reinforcement as shown in Figs. 5.9 and 5.10.

5.4 Experimental Set-up and Instrumentation

The general set-up of the test rig was the same as the one used for experiments on the
original specimen and is shown in Fig. 5.1. The retrofitted specimen, in contrast with as-
built specimen test by Aycardi et. al. (1991), was tested without any superimposed axial
load. Axial load provides some beneficial effects in that it enhances the reinforced
concrete column capacity, improves joint strength by enhancing the concrete strut
capacity, and improves bond of the beam’s longitudinal reinforcement. Thus by ignoring
the beneficial effects of axial load an adverse loading scenario was created particularly
for the joint region itself. This is similar to what may be encountered in the upper stories
of a frame structure. If axial load was present, then a correspondingly smaller amount of

prestress could be applied to the upper column,

A 60 kip capacity hydraulic jack was used to post-tension the upper column. A total post-
tensioning force of 32 kips was applied to the four threadbars using an under stress-over
stress relaxation technique. The total prestress level of 32 kips for the top column was
based on post-tensioning the threadbars to 70% of their ultimate strength. Fig. 5.11 shows

the specimen during the post-tensioning process.

The comparative strength of the original as-built and the retrofitted specimen is shown
in the form of an interaction diagram in Fig. 5.12. The moment capacity of the prestressed
column was determined using strain compatibility technique for unbonded tendons. The
value of f_ is calculated from Eq. 2.9 of Section 2. The bottom column was treated as

M
a conventionally reinforced section. The Y, ! ratios for the original as-built and the

boam
retrofirted specimen were 0.78 and 1.6 respectively.
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The lateral load was applied to the specimen by a 6 kip servo-controlled hydraulic
actuator. Loads ‘were measured by a Joad cell calibrated-to an accuracy of +0.01 kips.

Rotations were measured by a pair of linear potentiometers which werc attached in pairs,
one to cach side of the columns and the longitudinal beams. These potentiometers were
mounted onto an aluminum chassis and epoxied to the concrete. Rotations in the
longitudinal beams were measured in the hinge zones adjacein to the joint fillet as shown

in Fig. 5.13. Potentiometers had a resolution of +0.0001 in.

All channels were recorded using Megadac 5533A data acquisition system at a sampling
rate of 1 Hz. Lateral load vs. displacement plots were recorded on a Type 7090A analog
Hewlett-Packard X-Y plotter during the test. The data from the Megadac was exported
to a PC computer for analysis using spreadsheet programs.

£.5 Testing Procedure

The rewrofirted subassemblage was tested quasi-statically with two cycles of loading at
increasing drift amplitudes of +0.25%, £1%, £2%, 3%, +4%. A sinusoidal wave form
was used with an input of 0.01 Hz. for the horizontal actuator. The initial half cycle of
loading was in the reverse direction or the north direction followed by forward cycle or
loading in the South direction.This constituted Stage 4 of testing.

This was followed by Stage 5, which comprised of 50 cycles of quasi-dynamic loading
at 0.5 Hz. to a drift amplitude of 4%. The only data recorded at this stage of testing was

the lateral force and the corresponding displacement.

After the entire sequence of testing, a monotonic pull test was done on the top column.
This was Stage 6, the final stage of testing. Data was recorded on a X-Y plotter.
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Fig. 5.11 Retrofitted Specimen before Testing during post-tensioning ofthreadbars
of the Upper Column
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5.6 Experimental Results - STAGES 4, § and 6
5.6.1 Observed Performance at Successive Load Cycles

STAGE 4

The behavior of the specimen at the initial 0.25% level of drift was essentially elastic.
The secant slope of the narrow hysteresis loops shown in Fig. 5.13 represents the elastic
stiffness of the subassemblage. The slight hysteresis is attributed to cracking resulting

from previous damage done to the beams.

The moment of inertia of the retrofitted columns was approximately five times that of the
original columns resulting a 170% increase in the subassemblage stiffness. The
comparative elastic stiffness of the original as-built and retrofitted specimen can be seen
in Fig. 5.14. This increase in stiffness is due to an increase in column size should not be
viewed as critical, since a structure’s overall stiffness also depends on other components
which may not need retrofitting when rehabilitating an entire structure. Tae hysteretic
force-drift behavior of the subassemblage for the remainder of the quasi-static cycles of

testing is shown in Fig. 5.19.

It should be mentioned that no special repair method was adopted for the slab. The large
crack across the width of the slab, as a result of previous testing, was filled with a cement
slurry. This would suffice as an aesthetic treatment only. It should be noted that the slab
bars were fractured due to previous testing.

At the 1% drift cycles there was an indication of cracks initiating in the joint fillet region
near the beam face. There was no diagonal shear cracking or flexural cracking in the

columns.

There were no signs of flexural or shear cracking in the columns at the 2% drift cycles.
The cumulative joint shear distortion, as observed by the appearance of cracks in the fillet
region closer to the beam face, was more pronounced at this drift level. Fresh flexural
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cracks developed in the beams just outside the joint fillet region.

There was no evidence of any column shear or flexural cracking at the end of the 3%
drift cycles. though there was some superficial spalling of cover concrete at the top of the
bottom column. The increased distortion of the fillet observed at the face of the beams

indicated that the plastic hinge region had shifted into the beams.

The joint fillet area, closer to the beam face, exhibited additional spalling of cover

concrete at the end of the 4% dnift cycles. Fig. 5.15 is the evidence of this damage.

STAGE §

The strength of the retrofitted specimen degraded to 75% of its initial value in the first
10 of the 50 quasi-dynamic cycles. Extensive damage was observed outside the joint fillet
region in the beams and the slab above it. A force vs. drift plot of this stage is presented

in Fig. 5.22 and shows the first and last 10 load cycles of testing respectively.

STAGE 6

This stage of testing consisted of blocking the beams against horizontal movement and
then monotonically pulling the top column with the objective of determining its ultimate
load carrying capacity. Fig. 5.23 shows the results of this test as a force vs. displacement
plot. The nominal ultimate strength shown in Fig. 523 is exceeded due to strain

hardening of the longitudinal column reinforcement.

5.6.2 Component Reiation Contributions

The idealized plastic geometry can be seen in Fig. 5.16. Total drift is the relative
displacement of the temposonic at the top column level with respect to the hinge
connection at the base ( Refer Fig. 5.13). From geometry the total applied drift can be

expressed as:
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Fig. 5.15 Damage after 4% Drift Cycles
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where,

Lyloy™

Hcr'”cb=

Y=

A
D=E =9‘ +ﬂh’

L L H H
4 +eu-_u. +ed-_“ + ﬁ_d *YI (5.1 )
L L H H

Total applied drift.

Elastic component of drift for the subassemblage.

Plastic rotation of the right beam, left beam, top column,
bottom column.

L.ength of beams from the specimen centerline to the point
of contraflexure = 34 in.

Height of Subassemblage between the bottom hinge and
the point of lateral load application = 50.25 in.

Distance from plastic hinge zone to the end of right and
left beams = 26 1n.

Distance from the plastic hinge zone to the end of the top
column, bottom column = 22.375 in_, 20.125 in.

Plastic shear distortion of the joint.

The elastic drift component was evaluated as  6,=(0.00178).F , where F= lateral load.

The plastic drift components for the individual beams and columns were evaluated from

Fig 5.20 and Fig. 5.21. It was not possible to directly measure joint shear with the type

of gauge shown in Fig. 4.1 due to the presence of transverse beams. However, using the

relevant geometry in Eq. 5.1 it is possible to infer a plastic distortion of the joint as

follows:
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-0
v,=[D-0.00178F]-{0.765( 9*2 ) +0.445(8_) +0.4(0 )] (5.2)

The first and second bracketed portions of Eq. 5.2 represent components of; the total
plastic drift, and the plastic drift from the beam and column hinges respectively. The
difference of the bracketed components give the joint shear distortion Y, - The various

components of drift are tabulated in Table 5.2.

Table 5.2 Drift Contribution of the various Components

Total Plastic Drift Right Left Top Bottom | Joint
Drift Beam Beam Column | Column | Distortion
from
Eq.5.2
(D) D-(0.00178)F ©,. (Gu) ®,) (ch) (y,)
|r +0.01 0.0050 0.0028 | 0.0043 0.0005 0.0005 0.0004
L—-l. .01 -0.0052 -0.0028 | -0.0033 | -0.0008 | -0.0005 [ -0.0009
] +0.02 0.0145 0.0076 | 00125 0.0016 0.0013 0.0015
l‘L -0.02 -0.01423 -0.0097 | -0.0080 | -0.0033 | -0.0014 | -0.0008
% +0.03 0.0246 0.0149 | 0.0210 0.0032 0.0022 0.0013
I .0.03 -0.0245 -0.0173 | -0.0143 | -0.0036 | -0.0022 | -0.0029
‘T +).04 0.0356 0.0253 | 0.0294 0.0055 0.0022 0.0005
] 004 | 00350 10,0300 | 00276 | -0.0041 | -0.0018 | -0.0002

it should be noted that the plastic rotation vilues of the beams and columns, tahulated in
Table 5.2 are multiplied by their appropriate coefficients as seen in Eq. 5.2 before being
presented graphically in Fig. 5.20. The plastic rotation contribution of the: top and bottom

columns 1s nearly one-eighth of that of the longitudinal beams. This shows that the
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hinging 1s pnimanly restricted to the beams (Refer Fig. 5.21).

At the 3% drift cycle there was more joint distortion in the reverse than the forward
direction (Refer Figs. 5.20-21).This deterioration of the fillet is further aggravated by the
tendency of the bottom bars of the longitudinal beam to pull out at higher loads. The
pinching of the hysteresis loops at the 3% drift cycle ( Refer Fig. 5.17 ) is due to the

partial loss of bond of the bottom longitudinal bars.

A comparison of rotation contribution of various components of the specimen before and
after the retrofit ( Refer Figs. 5.7, 5.20 ) indicate a clear change in the failure mode of
the specimen. Figs. 5.6 and 5.7 show that there was no plastic rotation contribution from
the longitudinal beams of the original as-built specimen. Resuits from Part 11 of the
eviluation report series (Aycardi et al. 1992) show that the original as-built specimen top
column failed, this would constitute a column side-sway raechanism in a full-scale
structure. In contrest Figs. 5.20-21 show that the failure in the retrofitted specimen is due
10 hinging of the longitudinal beams: this would cause an entire structural frame 10 form

a beam-sidesway mechanism.

5.7 Conclusions
Bused on the observations of the previous testing of the original as-built specimen and

the testuing of the retrofitted specimen, the following conclusions are made:

| The as-built specimen exhibited progressive damage in the columns, principally
the top column, with no noticeable damage to the beams. This resulted in a weak column-
strong beam failure mechanism. In contrast, the retrofitted specimen exhibited progressive
damage to the beams near the joint fillet, with no noticeable damage to the columns; thus
exhibiting a favorable weak beam-strong column mechanism.

2 Although 1t was not possible to detect visually, analysis showed that there was

some inelastic joint shear distortion amounting 1o about 25% of total plastic displacement
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Fig. 5.17 Force - Drift of the Retrofitted Subassemblage
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Fig. 5.18 Lateral Load vs. Rotation graphs for the Left and Right Longitudinal
Beams of Retrofitted Specimen
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STAGE 2: Before Retrofitting
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Fig. 5.20 Rotation Contributions Before and After Retrofitting
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Fig. 5.22 Force - Drift for Quasi-Dynamic test at 4% drift
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at large drifts in case of the as-built specimen. For the retrofitted specimen, a similar
analysis showed that about 12% of the total plastic displacement was from inelastic joint

shear distortion. This was partially observed due to cracking in the fillet region.

3 The construction of the joint fillet provided sufficient development length to the
bottom reinforcement thus ensuring satisfactory anchorage to prevent pull-out under large

drifts.

4. Post-tensioning the top column augmented the column strength in both moment

and shear capacity ensuring elastic performance.

5 Maximum strengths for both the as-built and retrofined specimen were achieved

at 3% drift levels.

6. Concrete jacketing with a high strength mix provides a dependable and effective
method of rehabilitating structures in which the columns have insufficient strength to

prevent a column sidesway mechanism.
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SECTION 6

CONCLUSIONS

Tables 6.! and 6.2 summarize the experimental results. The remainder of this section

presents a summary of conclusions presented at the end of Sections 2, 3, 4 and §.
Table 6.1 Column Stiffnesses and Strengths Before and After Retrofitting

Stiffness Flexural Strength
Specimen Theor. Experime *. Experiment. Nominal Achieved
Gross™ Observed™ Observed (Kips) (Ratio)™*
(ratio)"
(El) (ED)

Original 80200 52267 0.65 1.98 1.03

RC Jacket 426500 200064 047 5 1.2

PSC Jacket 426500 S8068 0147 334 0.94

" Ihe theoreucal groas suffness for the cantilever columns has been calculated using
] moment of incftia ol gross conerete section neglecning the reinforcement, and

E = 57000//? psi
El - —

Ohsened axpenimental soliness detenmined, from a secant slope, by

where P 784 of the nosminal strength and A isihe corresponding defleciion
Y Ratie with respedt o the theoretical gross suffness
* Rutio wath respect 1o the nomunal strenglh

TSpecimen was severely damaged pnor to retrofitting

Table 6.2 Subassemblage Stiffnesses and Strength Before and After Retrofitting

Specimen Stiffness Flexural Strength
Obs, Obs. | Rutio | Nominal | Obs. Obs. Ratio™
Before After for Before Alter
Retrofit | Retrofit BSM™ Retrofit | Retrofit
(Kiny | (Kfin.) (Kips) | (Kips) | (Kips) | Before | After
One-way
beam 3.90 6.90 .56 1.77 1.35 244 .76 18
column
Joint
r—
Twao-way
heam 3.9] 1023 AR 27s8 1.52 281 .55 1.02
column
joint

" Ratie of stiftncss before s siffness after retrofit.
" Heam udesway imechanism strength before setrofit.
" Ratw with respeet 1o BSM strength.




1. The capacity analysis and redesign demonstrated that it was of critical importance
o provide dependable positive moment capacity in the longitudinal beams of the gravity

louad! designed frame. A joim filler is a recommended solution.

2 The use of prestressing for the flexural strength redesign of columns has multiple
advantages, such as optimizing the section size and providing a strong elastic column,
These obviate the need for additional transverse reinforcement, and afford easy pouring

of concrete in tall enclosed spaces.

R The principal objective of the retrofit redesign of column specimens was the
augmentation of strength. This was achieved for both RC and PSC retrofits. A second
obgective for the RC column retrofit was to ensure a ductile post-ultimate behavior
through the provision of transverse reinforcement. The specimen behaved well, showing
excellent energy dissipation up 10 drift amplitudes of 5%. In spite of the absence of

trunsverse reinforcement, there was no apparent distress due to shear in the PSC retrofit.

1. The controlling purpose of the seismic retrofit and redesign of the one-way beam
column joint was to augment joint and column strength. This was achieved as
corroborated by the essentially elastic behavior of the joint. Column strength was also
adequately increased, preventing them from actively participating in the energy dissipating

process.

5. The joint fillet design shifted the potential plastic hinge zone away from the
column face to the edge of the joint fillet in an effective fashion and at the same time
provided sufficient development length 10 preclude any possibility of pull-out of the

bottom longitudinal beam reinforcement.

6. The bonding of the steel plaics was effective in reducing the localized damage in
the top portion on the south beam which was badly damaged duc to previous testing.

However, such a repair is good for only a limited number of load reversals.

6-2



7. The original subassemblage exhibited progressive damage in the columns,
principally the top column, with no noticeable damage 10 the beams. This resulted in a
weak column-strong beam failure mechanism. In contrast, the retrofitted specimen
evhibited progressive damage to the beams near the joint fillet, with no noticeable damage

to the columns: thus exhibiting a favorable weak beam-strong column mechanism.

X Analysis showed that there was some inelastic joint shear distortion amounting to
about 25% of towl plastic displacement at large drifts in case of the as-built specimen.
For the retrofitted specimen, a similar analysis showed that about 12% of the total plastic
dhsplacement wis from inelastic joint shear distortion.

4 Post tensioning the top column augmented the column strength in both moment
and shear capacity ensuring elastic performance. Concrete jacketing with a high strength
nux provides a dependable and effective method of rehabilitating structures in which the

columns have insufficient strength to prevent a column sidesway mechanism.
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"Optimal Placement of Actuators for Stuciural Contrul,” by F.Y. Cheng and C.P. Pantelides, 8/15/88, (PB89-
162846/AS).

“Teflon Beanngs in Aseismic Base Isolanon: Experimental Studies and Mathematical Modeling,” by A.
Mokha, M.C. Constantinou and A.M. Reinhorn, 12/5/88, (PBR9-218457/AS). This report is avalable only
through NTIS (s¢e address given above).

"Seismic Behavior of Flat Slab High-Rise Buildings 1n the New York City Area,” by P. Weidlinger and M.
Ewouney, 10/15/88, (PB90-145681/AS).

“Evaluation of the Earthquake Resistance of Existing Buildings in New York City.” by P. Weidlinger and M.
Ettouney. 10/15/88. to be published.

"Small-Scale Modehing Techmques for Reinforced Concrete Structuies Subjected to Seismic Loads,” by W.
Kim, A. El-Auar and R.N. Whate, 11/22/88, (PB89-189625/AS).
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"Modeling Surong Ground Motion from Muluple Event Earthquakes.” by G W Ells and A'S Cakmak.
HYTS®N (PRRY 174445/AS)

‘Nenastationary Models of Seismic Ground Accelerauon,” by M Grigonu, S E Ruiz and E Rosenblucth,
7 1SR (PRAY IR9617/AS)

“SARCE User's Gude Sessmic Analysis of Reinforced Concrete Frames.” by Y S Chung. C Meyer and M
Shinosuka, TTARN (PRRY 174452 AS)

“Fiest Expert Panel Mecting on Disaster Research and Planming.” edited by J. Pantelic and ] Stoyle, 9/15/88.
(PBRY 1744600 AS)

“Preliminary Studies of the Effect of Degrading Infill Walls on the Nonlinear Seisimie Response of Steel
Frames, by C/Z Chrysostomou, P Gergely and JF. Abel, 12/19/KK. (PRXY - 20K383/AS)

“Reintorced Concrete Frame Component Testing Faality - Design. Construction. Instrumentation and
Operaton.” by S P Pessiki, € Conley. T Bond. P Gergely and RN White, 12/16/88, (PB8Y-174478/AS)
Ettects of Protective Custion and Soii Compliancy on the Response of Equipment Within a Seismically

Excited Building,” by J A Holung, 2/16/89, (PR89-207179/AS)

“Statisuical Evaluanon of Response Modification Factors for Remforced Concrete Structares,” by HH-M
Hwang and J W Jaw, 2/17R9. (PBRY-207187/AS)

"Hysterete Columns Under Random Excitation.” by G-Q Car and Y K Lin. 1/9/89. (PBR9-196513/AS)

Experimental Study of “Elephant Foot Bulge ™ Instability of Thin-Walled Metat Tanks," by Z-H haand R L
Ketter, 27229, (PBRY J07195°AS).

"Experiment on Performance of Bunied Pipelines Across San Andreas Fault,” by J. Isenberg, E. Richardson
and T.D. O'Rourke, 3/10/89, (PB8Y-21844();AS)

"A Knowledge-Based Approach to Suuctural Design of Earthquake-Resistant Buildings.” by M Subramani.
P. Gergely. CH Conley. JF Abel and A H. Zaghw. 1/15/89. (PB89-218465/AS)

"Liquetaction Hazards and Their Etfects on Buried Papelines,” by T.D. ()'Rourke and P.A. Lane, 2/1/89.
(PBRY-218481)

"Fundamentals of System Identification 1n Structural Dynamics,” by H. Imai, C-B. Yun, (). Maruyama and
M. Shinozuka, 1/26/89, (PR8Y-207211/AS).

"Effects of the 1985 Michoacan Earthquake on Water Systems and Other Bunied Lifelines in Mexico.” by
A G Ayalaand MJ. O'Rourke. 3/8/89. (PB89-207229/AS).

“NCEER Bibliography of Earthquake Education Matenials,” by K E K. Rass, Second Revision, 9/1/849. (PBY0-
125352/A8)

“Inelastic Three-Dimensional  Response  Analysis  of  Reinforced  Concrete Building
Structures (IDARC-3D), Part 1 - Modeling” by S.K. Kunnath and AM. Rewnhom, 4/17/89. (PBY0-
11461 2/AS)

"Recommended Modificatons 1o ATC-14," by C.D. Poland and ] O. Malley. 4/12/89. (PB90-1()8648/AS).

“Reparr and Strengthening of Beam-t0-Column Connections Subjected to Earthquake Loading,” by M.
Corazao and A.J. Durrami, 2/28/89, (PB90-109885/AS).
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Program EXKALZ tor ldenutication of Structural Dynamic Syatems.” by O Maruvama, CRB Yun. M
Heshiva and M Shinozuka, S 19 X9 PBYG TMXTT AS

Response of Frames Wath Bolied Semi Rigid Connections, Part 1 Expenimiental Study and Analynical
Predicions, v P T DiCorso, AM Remborn, J R Dickerson, JB Radziminski and W L Harper. o1 89,10
be published

ARMA Monte Cario Simulation in Probabihstic Structwrad Anahysis.” by P D Spanos and M P Mignolet,
TIRS (PRYD TIMRY AN,

Prelimimay Proceedings trom the Conterence on Disaster Preparedness The Plice of Earthguake Education
i Our Schools Edited by KEK Ross, 62389

Proceedings fiom the Conterence on Disaster Preparedness The Place of Earthquake Education i Our
Schools Edited by K E K Ross, 123189, (PRBYO 207K95) This repoert v avatluble only through NTIS (e

address given aboves

Multiimensional Models of Hysteretic Matenal Behavior tor Vibranon Analysis of Shape Memon Energy
Absrbing Devices. by EJ Craesser and F A Cozzarelh 67789, (PBYO- 164146 AS)

Nonhnear Innamic Analysisof Three Dimensional Base Isolated Structures (3D BASIS ) by S Nagarajaish.
AM Remnhorn and M C Constantinou. K 389 (PRYO-TAI936:AS) This report s available only through
NTIS (see addiess given above

Structaral Control Convidenng Time Rate of Control Forces and Control Rate Consuants.” by FY Cheng
and C P Pantehdes, X73RCPRYO ] 200445 AS)

“Subsurtace Conditions of Memphis and Shelby Counnv.” by KW Ng. T.S Chang and H HM Hwang.
7 26R9PRYC-1 20437 AS)

“Senvmie Wanve Propagation Eftects on Stragght Jownied Buened Pipelines.” by K Elhmadi and M J O'Rourke.
R 24RY (PR 162322 AS)

“Workshop on Serviceability Analvas of Warer Delivery Svstems,” edited by M Grigonu. 1689, (PRYO-
127421 AS)

Shaking  Table Study o1 a 15 Scale Steel Frame Composed of Tapered Members” by
K. C Chang. ]S Hwang and G C Lee, 9/183289, (PB90-160169,AS)

“DYNAID A Compuier Program for Nonhnear Sesmic Site Response Analysis - Technical Documentation,”
by Jean H Prevost, 9714289 (PBYO-161944/A8). This report 1s available only through NTIS (see address
given ahove)

"1 4 Scale Model Studies of Active Tendon Systemns and Active Mass Dampers for Aseismic Protection.” by
AM Renborn. TT Soong. RC Lin. YP Yang, Y Fukao. H. Abe and M Nakai. 9/15/89. (PBYO-
173246 AS)

“Scanening of Waves by Inclusions in a Nonhomogeneous Elasuc Half Space Solved by Boundury Element
Methods,” by P K Hadley, A. Askar and A.S Cakmak. 6/15/8Y, (PBY)- 145699/AS).

“Statistical Evaluation of Deflection Amphification Factors for Reinfurced Concrete Structures,” by HH M
Hwang. J W Jaw and AL Ch'ng. 831789, (PBY0-164633;AS)

“Bediock Accelerations in Memphis Area Due to Large New Madnd Earthquakes,” by HH.M Hwang. CH.S
Chen and G Yu, 1177789, (PBY0-16233(/AS)
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“Sensmic Behavior and Response Sensatvity of Secondany Structural Systems,” by Y.Q Chenand T.T. Soong,
10,2389 (PRBY) 164658, AS)

Random Vibiation and Reliabihity Analysis of Primary-Secondary Structural Systems.” by Y. [brahm. M
Guigonu and TT. Soong. 117/10/89. (PBYO-161951/AS)

Trowedings from the Second U S - Japan Workshop on Liguetaction, Large Ground Deformation and Their
Ettects on Lidehines, September 26-29. 1989, Edited by TD O'Rozke and M. Hamada, 12/1/89, (PBY)-
20988, AS)

“Determumistic Maded tor Seismie Damage Evaluanion of Reinforced Comcrete Structures,” by J M Braco,
AM Remnhorn, 1B Mander and S K- Kunnath. 9/27/89.

“On the Kelation Between Local and Global Damage Indices.” by E DiPasquale and A'S. Cakmak. 8/15/89.
(PR 173865)

“Cyche Undrained Behavior of Nonplastic and Low Plasticty Silts.” by AJ Walker and HE. Stewart,
7/26/89. (PRYD 183S1R/AS)

"Liquetactuon Potential of Surticial Deposits i the City of Buftalo, New York,” by M. Budhu, R. Giese and
L. Baumgrass, 1/17/89. (PRY0.208455/AS).

“A Dewenminisue Assessment of Effects of Ground Motion Incoherence,” by AS. Velewsos and Y. Tang.
TiISMY, (PRYN-164294/A8).

“"Workshop on Ground Motion Parameters for Seismic Hazard Mapping.” July 17-18. 198Y. edited by RV
Whitman. 12/1/89. (PB90-173Y23/AS).

“Seismic Eftects on Elevated Transit Lines of the New York City Transit Authonity.” by C.J. Costanuino, C.A
Miller and E. Heymsfield. 12/26/89. (PBYO-207887/AS).

“Cennfugal Modehng ot Dynamic Soil-Struciure Interacuon,” by K- Weissman, Supervised by J.H. Prevost,
S/LOMY, (PRYO-2078TY/AS).

“Lincanzed Idenufication of Bulldings With Cores for Seismic Vulnerability Assessment.” by |- K. Ho and
A E Aktan, 11/1/89. (PB9)-251943/AS).
“Geotechnical and Liteline Aspects of the October 17, 1989 Loma Prieta Earthquake 1in San Francisco,” by

TD. O'Rourke, HE. Stewart, F.T. Blackbum and T S. Dickerman, 180, (PBY0-208596/AS).

“Nonnormal Secondary Response Due to Yielding 1n a Pnimary Stucture,” by D.C.K. Chen and L.D. Lutes.
272800, (PRY) 251976/A8).

"Earthquake Education Materials for Grades K-12.” by K.EE K. Ross. 4/1680. (PB91-113415/AS).
"Catalog of Strong Motion Stations 1n Eastern North Amenca,” by R W. Busby, 4/390, (PB90-251984)/AS .

"NCEEK Stong-Mouon Data Base: A User Manual for the GenBase Release (Version 1.0 for the Sun3).”
by P. Fnberg and K. Jacob, 3/3180 (PBY0-258062/AS).

"Serstme Hazard Along a Crude Onl Pipeline 1n the Event of an 1811-1812 Type New Madnid Earthquake.”
by H.H.M. Hwang and C-H.S. Chen, 4/16/9(PB90-258054).

"Site-Specific Respunse Spectra for Memphis Sheahan Pumping Station,” by H.H.M. Hwang and C.S. Lee,
5/15890, (PRY1-108811/AS).
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Padot Study on Seismic Vulnerabihity of Crude Onl Transmassion Systems.” by T Anman, R Dobry, M
Gngonu F Kozine M O'Rourke. T O'Rourke and M Shinozuka, $72580 (PRY1 108R37,AS)

“A Program 1o Generate Site Dependent Time Histones. EQGEN.” by G W Elhs. M Sninivasan and AS
Cakmak, 173080, (PBY1 10RR2Y/AS)

Active Isolation tor Seinmic Protection ot Operating Rooms " by M E Talbott, Supervised by M Shinozuka.
6R9PRYL TTO208:AS,

Program LINEARID tor ldentfication of Lincar Srwctural Dynamic Systems,” by C-B. Yun and M
Shinozuka, 6 2990, (PRY1 110312/AS)

Two Dimenvional - Two Phase  Elasto Plasuie Seismaie Response of - Earth Dams”
Yiagos, Supervised by JTH Prevost, 622090, (PRYL-110197/A8)

by AN

Secondany Systems an Base-lsolated Structures . Expenimental Investigation, Stochastic: Response and
Stewhastic Senitivity,” by G D Manolis, G Juhn. MC Constantinou and A M Rewnhom. 7710, (PBY|
110320,AS)

“Scismie Behavior of Lightly Remtoraed Concrete Column and Beam-Column Joint Details,” by S P Pessiki.
CH Conley, P Gergely and RN Whate, 822890, (PR91-108795/AS)

“Two Hyvbiid Control Systems tor Bulding Structures Under Suong Earthquakes,” by JN. Yang and A
Danielians, 6,290, (PBY1 125393/A8)

“Instantancous Opumal Control with Awceleration and Velooty Feedback.” by IN. Yang and 7 Li. 6/2990,
(PRY1 125401:A%)

“Reconnassance Report on the Northern Iran Earthquake of June 21, 19%)." by M. Mchrain. 10450, (PBYI
128377/A8)

“Exaluation of Liuefacton Potential in Memplus and Shelby County,” by TS Chang, PS Tang. CS Lee
and H. Hwang. B/10M0. (PBY1-125427/AS).

"Expenimental and Analytical Study of a Combined Shding Disc Beanng and Helical Steel Spning Isolauon
System.” by M C Constanunou, A.S Mokha and A M. Reinhom, 104M), (PR91-125385/A8).

“Expenimental Study and Analytical Predicuon of Earthquake Response of a Shding [solauon System with
a Sphenical Surface.” by A'S. Mokha, M.C. Constantinou and A M. Reanhorn, 10/11/90. (PBY1-125419/AS).

“Dynamic Interaction Factors for Floating Pile Groups,” by G. Gazetas, K. Fan, A. Kayma and E. Kausel,
9/10M0, (PBY1-170381/AS)

“Evaluation of Seismic Damage Indices for Remnforced Concrete Structures,” by S. Rodriguez-Gomez and
A.S. Cakmak. 93080, PBY1-171322/AS)

“Study of Site Response at a Selected Memphus Site.” by H. Desar, 8. Ahmad. E.S. Gazetas and M.R. Oh,
1O/110, (PRY1-1968S7/AS).

"A User's Gude to Strongmo: Version 1.0 of NCEER's Strong-Motion Data Access Tool for PCs and
Terminals,” by P A. Fnberg and C.A.T. Susch, 11/15890, (PBY1-171272/AS).

“A Three-Dimensional Analyucal Study of Spatial Yanability of Seismic Ground Motions,” by L-L. Hong
and A H.-S. Ang. 103090, (PB91-170399/AS).
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"MUMOID User's Guide A Program tor the ldentification of Modal Parameters.” by §. Rodri gues Gomer
and E. InPasquale. 973080, (PRY1-171298/AS)

"SARCE 11 User's Gude - Seismic Analysis of Reinforced Concrete Frames.” by S Rodriguer Gomer, Y S
Chung and C Meyer, 97300, (PBY1 17128(/AS)
“Viscous Dampers: Testing, Modeling and Apphication in Vibration and Saismie lsolation,” by N. Maknis and

M.C Constantinou, 12,2090 (PBY1 190561/AS)

Soul Effects on Earthquake Ground Motions in the Memphis Area.” by H Hwang. C.S. Lee. KW Ng and
TS Chang. X230, (PBY] 190751/AS).

“Proveedings trom the Third Japan U.S Warkshop on Earthquake Resistant Design of Litehine Facilibes and
Countermeasures [or Soil Liquetaction, December 1719, 1990, edited by T.D. O'Rourke and M Hamada.,
1M1 (PRYT 179259/A8)

“Physical Space Solutions of Non-Proportionally Damped Systems.” by M. Tong, 7. Liang and G.C. Lee.
HISMLL (PBY1 179242/A8)

“Sersmuc Response of Single Piles and Pile Groups.” by K. Fan axd G- Gazetas. 1/10M1. (PBY2-174994/AS)

“Damping of Structures: Part 1 - Theory of Complex Damping.” by 7. Liang and G. Lec. 10/10M1. (PBY2
197235/A8)

“ID-BASIS  Noabinear Dynamic Analysis of Three Dimensional Base Isolated Structures: Part 117 by S
Nagaragaiah, AM. Kemhorn and M.C. Constantinou, 272881, (PBY1-190553/AS).

“A Muludimensional Hysterene Model for Plastioty Deforming Metals in Energy Absorbing Devices.” by
E ] Gracsser and F A Cozzarelh, 4991, (PBY2. 108364/A8).

“A Framework for Customizable Knowledge-Based Expent Systems with an Applivation 10 a KBES for
Evaluating the Seismic Resistance of Exisung Buildings,” by E.G. Ibarra-Anaya and S.J. Fenves, 4991,
(PBY1 21930/AS).

“Nonhnear Analysis of Steel Frames with Semi-Rigaid Connections Using the Capacity Spectrum Method.”
by G.G Deierlein. S-H. Hsieh, Y-J. Shen and J.F. Abel, 7/291, (PBY2-113828/AS)

"Earthquake Educauon Matenals for Grades K-12," by K.E K. Ross, 43081, (PB91-212142/AS).

"Phase Wave Veloaties and Dhsplacement Phase Differences in a Harmonically Osaillaung Pile,” by N.
Makns and G. Gazelas. 78891, (PB92-108356/AS).

“Dynamic Charactenstics of a Full-Size Five-Story Steel Structure and a /5 Scake Model.” by K.C. Chang.
GC Yar. GC Lee, DS. Hao and YC. Yeh,” 7281

“Seismic Response of a 2/S Scale Steel Structure with Added Viscoelastic Dampers,” by K.C. Chang, T.T.
Soong, §-T. Oh and ML Lai 51781 (PB92-110816/AS).

“"Earthquake Response of Retaining Walls; Full-Scale Tesung and Computatonal Modeling.” by S. Alampalh
and A-W .M. Elgamal. 6/20/91. 1 be published.

"3D-BASIS-M: Nonhnear Dynamic Analysis of Muluple Building Base Isolated Structures,” by P.C. Tsopelas,
S. Nagarayaiah, M.C. Constanunou and A M. Reinhom, 522891, (PB92-11388< AS).
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"Evaluation ot SEAOC Design Requirements for Shding Isolated Structures,” by D. Theodossiou and M C
Constantinou, 61091, (PRY2 1146012/AS)

“Closed Loop Modal Tesung of a 27-Story Reintorced Concrete Flat Plate Core Building.” by HR
Somaprasad. T Toksoy. H Yoshiyuki and A E Aktan, 7/1591, (PBYY 129980/AS)

“Shake Table Test of a 1/6 Scale Two-Story Lightly Remtoroed Concrete Building.” by A G El Attar. RN
White and P Gergely. 272891, (PBY2.222447,A8)

“Shake Tabic Test of a 18 Scale Three-Story Lightly Reinforced Concrete Rullding,” by A G El Auar. R N
White and 1" Gergely. 272881

“Tramster Functiony for Rigid Rectangulas Foundations,” by AS. Veletsos, AM  Prasad and W.H Wu,
773M1

‘Hybrid Control of Seismie Excited Nonlinear and Inelastic Structural Systems,” by N Yang. 7 Liand A
Danselians, R 191, (PRY2 1431]171/A8)

"The NCEEK 91 Earthquake Catalog. Improved Intensity Based Magnitudes and Recurrence Relations for
U S Earthquakes East of New Madnd.” by L. Seeber and J. G Armbruster. 872801, (PBY2-176742AS)

Prowcedings trom the Implementation ot Earthquake Planmng and Edwation in Schouls . The Nead for
Change - The Roles ot the Changemakers,” by K E K Ross and F Winslow, 72341, (PBY2- 1 29998/AS)

“A Study of Reliabihity Based Criteria for Seismic Design of Renforced Concrete Frame Builldings.” by
HHM. Hwang and HM Hsu. 8/1081, (PBY2-140235/AS8:

"Expenmental Ventwaton of a Number of Suuctural System Idenuficanon Algonthms.” by R G- Ghanem,
H Gavin and M Shinozuka. 9/ 1881, (PBY2-176577/AS)

“Probamibisuc Evaluauon of Liquefacton Potental.” by HH.M Hwang and C.S. Lee.” 11/25M1. (PBY2-
143429/AS)

“Instantanecus Optimal Control for Linear, Nonhinear and Hysteretic Structures - Stable Controllers.” by J.N
Yang and 7 L1 11/1581, (PBY2-163807/AS).

"Expernimental and Theoretical Study of a Shding [solation System for Bndges.” by M.C. Constanunou, A.
Kartoum. A M. Reinhorn and P. Bradford, 1171581, (PBY2 176973/AS ).
“Case Studies of Liguefacuon and Lifeline Performance Dunng Past Earthquakes. Volume 1. Japanese Case

Studies,” Edited by M. Hamada and T. O'Rourke, 2/1792, (PBY2-197243/AS).

“Case Studies of Liquefaction and Lifeline Performance Dunng Past Earthquakes, Volume 2: Umited States
Case Studies,” Edited by T. O'Rourke and M. Hamada, 2/1792. (PB92-197250/AS).

“Issues in Earthquake Education,” Edited by K. Ross, 2/3/92. (PBY2-222389/AS).

“Proceedings from the Farst U.S. - Japan Workshop on Earthquake Protect:ve Systems for Bndges.” 2/4892.
to be published.

“Seismic Ground Motion from a Haskell-Type Source in a Multiple-Layered Half-Space,” A P. Theohans,
G. Deodatis and M. Shinozuka, 17292, to be published.

“Proceedmngs from the Site Effects Workshop,” Edited by R. Whitman, 2/29/92, (PB92-197201/AS).
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“Engineening Evaluation of Permanent Ground Determations Due to Seismucally Induced Liguefaction,” by
MH Baziu. R Dobry and A-W.M. Elgamal. 3/2402 (PRY2.222421/AS8)

“A Procedure for the Seismice Evaluation of Builldings in the Central and Eastern United States.” by C D
Poland and J.O Malley. 4/282. (PB92-222439/A8)

“Expenimental and Analyucal Study of a Hybnd Isolaton System Using Friction Controllable Shding
Beanngs.” by MQ. Feng. S. Fum and M Shinozuka, $/15/852, (PBY3 . 150282/AS).

Scismic Resistance of Slab-Column Connections in Existing Non-Ductle Flat-Plate Bulldings. by Al
Duiram and Y Du. S/18/92

“The Hysteretse and Dynamic Behavior of Brick Masonry Walls Upgraded by Ferrocement Coatings Under
Cychie Loading und Suong Simulated Ground Motion.” by H Lee and S P Prawel. §/1 /492, to be pubhished

“Study of Wire Rope Systems tor Seismic Protection of Eqmpment in Buildings.” by G F. Demetnad: . M .C
Constanunou and A M. Reinhorn, 5/20/92.

“Shape Memory Structural Dampers: Matenal Properues, Design and Seismic Tesung.” by P.R. Witung and
F.A Cozrarell. 5/26/92.
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