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PREFACE 

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

NCEER's research and implementation plan in years si" through ten (1991-1996) comprises four 
interlocked elements, as shown in the figure below. Element I. Basic Research, is carried out to 
support projectS in the Applied Research area. Element II, Applied Research. is the major focus 
of work for years six through ten. Element Ill. Demonstration Projects. have been planned to 
support Applied Research projects, and will be either case studies or regional studies. Element 
IV, Implementation. will result from activity in the four Applied Research projects, and from 
Demonstration Projects. 

ELEMENT I 
BASIC RESEARCH 

o Seismic haard and 
ground motion 

• Soli. and geotechnical 
engln.erlng 

• Structur •• and .yatema 

• RI* and reliability 

o Protective and 
Intell~t .,.tem. 

o SocIeWI and economic 
atudle. 

ELENENTU 
APPLIED RESEARCH 

• Tha BuildIng Protect 

o Tha NoMlNctural 
CornpoMnt. ProJ-ct 

o Tha Lifeline. Project 

o Tha BrIdge ProJect 

ELEMENTm 
DEMONSTRATION PROJECTS 

c. .. StudIe. 
• Active and hybrid control 
• HoIiPI1aI ami da\a proc:e .. 1ng 

facliltlH 
• Short and .-dlurn span 

brldgn 
• Wa'" ... ppty .y.tam.1n 

llamphl' and San Francisco 
AllgJonaI Stud ... 
o .... VOfkCIty 
• ...... IppIV.I .. ' 
• san Francleco Bay Area 

• ConferencMIWorks~ 
o EducatlOnfTr.1n1ng cour ... 
• Publlcatk)n. 
o Public: A .. ,.,.. .. 

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 arc being developed to aid in the prediction of the response of these 
buildings to various types of ground motion. 
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Two of the short-tenn 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 unrcinforced masonry. 

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

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

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

program. 
6. Re5C"rch 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 ;s t~ first of a two-report series summarizing research on t~ retrofit of reinforced 
concrete buildings thaI had been designed only for gravity loadings. This jirst report is con
cerned with reduced-scale column, beam-column. and beam-column-slab specimens which were 
re'est~d after retrofit. Variow retrofit mtthoth were tried. including column jaclctting, post
tensioning, adding slab fillets. and rflQSonry jacketing. The goal was to convert to weak column 
mechanism to a weak beam mtchanism. The results of these tests served to design the model 
building retrofit and to aid in the development of analytical models. T~ second report describes 
the performance o/the retrofined model building. 
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ABSTRACT 

This repon is Pan I of a two pan series on the evaluation of seismic retrofit methods for 

reinforced concrete frame Sb'Uctures. It deals with the experimental behavior of retrofitted 

reinforced concrete colunm elements and beam-oolunm joint subassemblages under 

reversed cyclic lateral loading. A seismic retrofit/rehabilitation redesign methodology was 

developed, and validated in me present experimental study. Pan D describes the 

application of this method to a one-third scale model building. 

In this repon two column specimens, a one-way beam-oolumn subassemblage and a two

way beam-column-slab subassemblage, all originally designed in accordance with ACI-

318 for gravity loads only (l.4D + 1.7L), were retrofined and tested at increasing drift 

amplitudes.1be original specimens possessed relatively weak columns with respect to the 

adjacent beam strength. 

1be reuofined colunm specimens showed increased suength and a ductile post-yield 

behavior. Longitudinal bar buckling in the columns and low cycle fatigue failures as seen 

in me original/as-built specimen tests were entirely averted in the retrofitted specimens. 

TIle beam-oolumn joint and the subassemblage retrofit, though distinct, were successful 

at convening the specimen failure mechanisms to a desirable suong-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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SECI10N I 

INTRODUcnON 

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+ 1.1L) according to the 

non-seismic detailing provisions of the code. These buildings are also referred to as 

lightly reinforced concrete (IRC) 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 seiSlDic perfo ...... ce of anrity ao.d des"", 

reinforced coacrete (R/C) fraIae ballcIiap, 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 etal., 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., 19928). Based on that report, analytical 

models can be developed and used to predict the inelastic response of the model 

building during more severe earthquakes. 
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The experimental investigation of the companion columns and beam-column 

components of the one-third scale model building is presented in Pan II of the 

evaluation repon 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 III of the evaluation report series 

(Bracci et aI., 1992b). The analytical predictions of the model building during these 

earthquakes are presented based on member behavior developed from engineering 

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 EI-Attar et al. (1991b) as part of a collaborative study with 

SUNY IBuffalo. A comparison of the response behavior between the two scale 

models is also presented 

A continuing research program was conducted on various seismic retroftt techniques 

for reinforced concrete (RIC) frame structures typically constructed in low seismicity 

zones. This repon is Pan I of the retrofit repon series. In it, a capacity analysis and 

redesign method for seismic retrofitting of RIC 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. 
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In Part II 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 RIC 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 Researth 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 

RIC Frame Structures Designed only for Gravity Loads: Parts I and III, 

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 RIC Frame Structures Designed only for Gravity Loads: 

Part III, Evaluation report series, by J.M. Bracci, A.M. ReinhorD, and J.B. 

Mander) 

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

subassemblages of the structure. (Seismic Resistance of RIC Frame Structures 

Designed only for Gravity Loads: Part II, 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 RIC Frame Sl1Uctures De5iped 
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only for Gravity Loads: ;"arts II and Ill, Evaluation report series, by J.M. 

Bracci, L.E. Aycardi, A.M. Reinhorn, and J.B. Mander). 

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

analytical models developed from engineering approximations or from 

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

Resistance of RIC Frame Structures Designed only for Gravity Loads: Part III, 

Evaluation report series, by J.M. Bracci, AM. Reinhorn. and J.B. Mander) 

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

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

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

Reinhorn, and J.B. Mander) 

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

compare the measured response with the response of the original 

(unretrofitted) model for the same earthquakes. (Evaluation of Seismic Retrofit 

of RIC Frame Structures: Part II, Retrofit report series, by J.M. Bracci, AM. 

Reinhorn, and J.B. Mander) 

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

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

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

and AM. Reinhorn) 

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

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

of RIC Frame Structures: Part I, Retrofit repon series, by D. Choudhuri, J.B. 

Mander, and AM. Reinhorn) 

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

predicted by analytical models developed from engineering approximations or 

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

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

series, by 1.M. Bracci, A.M. Reinhorn, and J.B. Mander) 
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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. 1be present 

state-of-the-art 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 to 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-eanhquake repair ar.(1 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 pennined to be constructed in low to 

medium seismic risk zones, in the eastern and the central United States, without 

accounting for the seismic provisions. 1be 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 sei!;mic 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 fonnation 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. 
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1.4 Review or Existing Repair and Retrofit Techniques 

The objective of a repair scheme is principally to bring a damaged structu~ back to its 

original condition or bener 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 structu~ to ensure its safety and functionaliry. 

In contrast. a seismic retrofitting scheme aims at augmenting strength. enhancing the 

ductility capaciry and making the suucture mo~ ~silient 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 = 1.40 + 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 eanhquake. 

The type of ~air andlor retrofitting teclmique to be adopted dep:nds on the nature and 

the extent of damage to the structure and the original design scheme. Some commonly 

used teclmiques are mentioned below : 

Epoxy injection is the simplest procedure to ~air relatively small cracks of widths less 

than 1/ .... Experimental work in this uea has focused on low viscosity epoxy injection 

whi.:h has become a fairly standard practice in the last decade for repairing cracked 

structural elements. 

For cracks larger than 1/.", and regions whe~ 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-m high early 

strength monar or other similar material. 

In some cases, earthquake loads on reinforced concrete members result in buckled, 

excessively yielded or fractured reinforcement. Most researchers investiBlUing ~ of 

this type of damage have recommended repairing the reinforcement by replacement with 
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new steel. bun welding or lap welding. 1be damaged concrete has then rypically 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 inftll walls and concrete 

wing walls. To implement these methods. the entire suucture must be analyzed to ensure 

that the loads can be uansferred to the foundation and that the failure is not uansferred 

to another undesirable area. Proper interaction and load transfer between the existing 

suucture 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 imponant 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 earthquakes has emphasized the need to develop retrofn 

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 8 ~uted steel jackel. This method has received widespread use 

by CaltrUlS 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 shoIcrete have all proved successful. It is imponant to perfonn an 

overall analysis to cosme that changes in stiffness intr.xluced do not produce adverse 

distribution of internal forces. Colunm jacketing ensures that the zones of likely damage 

future earthquakes are conimed to portions of the bcuns outside the connection. For 

jacketing. the surface of the damaged member is rust roughened and new reinforcement 

is placed around it, then the fonns are erected and the concrete is poured. 
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Instead of jacketing with a ~inforced concrete sheU as described above, ~inforced 

masonry which encompasses the existing section can be used to provide similar retrofitted 

propenies. 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 

fUlet in the joint area is also recommended. For details. see Pan n of the retrofit repan 

series (Bracci et aI.. 1992 c) of the continuing research program. 

Column strength enhancement without complete obsttuction of passageways can also be 

obtained with a panial inf"ill constructed on each side of selected columns in a structure. 

The panial 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 ~quired 

development length of the discontinuous positive beam reinforcement. Longitudinal 

(venical) 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 Pan II of the retrofit repon series ( Bracci et al .• 1992 c) of the 

continuing ~search program. 

1.5 Scope of Present Researm 

In this repon. a fonn of the capacity design philosophy is applied to seismic retrofitting 

and described in Seelion 2. Section 3 deals with column components. Two specimens 

were tested, each adopting a distinct retrofit method. Section 4 addRsses a one-way beam 

column joint and its retrofit technique. 1be specimen was designed for gravity loads only. 

The ~trofit technique adopted gives due importance to the joint~ often the weakest link 

in the Stn1~. Section S describes a two-way beam column joint which includes the 

floor slab. Panially p~stressed concrete, specifically post-tensioning. has been used 

together with elements of reinforced concrete to develop an effective retrofit method. 
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SECTION 1 

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 l:apacity design of 

earthquake-resicrtant structures, elements 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 capacity design method is a deterministic procedure where the designer "tells the 

structure what to do" in order to prevent the oct;urrence of undesirable failure mechanisms 

such as shear. bond or anchorage, or a column sidesway/soft story mechanism. This 

design procedure uses code-specifled lateral static loads which are apportioned in a 

manner similar to the fll'St mode S:ape. Elastic analysis is carried out and beam design 

moments assigned based on redistribution of ela4ttic 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 fonns its plastic mechanism. 

The essence of the capacity design procedure lies in the fonnation 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 fonnation 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 eanhquake-resistant reinforced concrete building lies in 

detennining the expected forces and/or defonnations in a preliminary design and 

providing resistance by appropriate proponioning of member strengths. Panicular care 

needs to be taken in the detailing of members and their cormections. This is a two-fold 

process: one of which is detennining 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 3] 8 has 

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

(1-1) 

where !: 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 EM,:o 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 stre'1gth 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-I in the 1979 edition of the ACI 318. and now 

exists as Eq. 21-1 in the 1989 edition. 

2-2 



(a) 

(II) 

(c:) 

Fig. 1.1 Mechanisms of Failure of a Frame (a> Beam sideswa, (b> Column sideswsy 

(c) Hybrid Mechanism 
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2.2 Capacity Analysis and Redesign of an Existing Gravity Load Designed FraIM 

This section sets fonh an application of capacity design principles for the seismic retrofit 

and strengthening of existing structural systems and will be refermi to herein as capacity 

analysis and redesign. The primary objectives of capaciry analysis and redesign of an 

existing gravity load designed frame are threefold: 

I. 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 structures that are designed for gravity loads ( 1.40 + 1.7L) the bottom positive 

reinforcement of the beams is discontinuous with only 6" embedment into the joint. It is 

of imponance 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 flliet 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: 

(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 oJ sh~aT 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 reeions 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. 

Fkxural strength redesign oJ columns 

The first objective of capaciTY analysis and redesign is achieved by augmenting the 

flexural strength of the existing columns. The principal aim is to minimize additional 

remforcing steel that needs to be added in order to alleviate congestion when pouring 

concrete in a confmed space. To rest 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 (Vew or Vel as applicable) should be sufficient to 

resist the most adve~e 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 ~ as follows: 

P M 
-S~/,; 

A, Jl 

P 
-- + 

(2.3) 

(2.4) 

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

moment demand and S" ""A,tJI6 = section modulus where A, = gross cross-section area. 

The maximum allowable compression and tensile strength under transient earthquake 

loads may be taken as Ie - -o.6t ' !, -12/1: (psi. units). respectively. 8 y dividing Eqs. 
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2.3 and 2.4 by -t the iollowu:!l tension positive non-dimensional equations are 

obtained: 

p 6M s 0.6 (2.5) 
A,t A,t.tl 

p 6M 12 
-- ~ -- (2.6) 

A,i A,i.d Ii: 

where d = depth of section and t: = compressive strength of concrete in psi. 

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

P 6 
- • (0.3 - -) 
f/A, Ii: (2.7) 

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

re-wrinen as: 

A,d • 6M 

t·( 121Ji: • Ptt:.A, ) 
(2.8) 

where the value of M = design moment is detennined from Eq. 2.1. In Eq. 2.S 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 siu is detennined. 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 ~trength shall be such that ('), • (p,l,)ile is not greater 
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than O.36p, where P, • A,Jbd, = ratio of prestressed reinforcement. I". :: stress in 

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

to be taken as 0.85 for concrete strengths. I; . up to and including 4000 psi. and for 

strengths greater than 4000 psi. PI is reduced at a rate of 0.05 for each 1000 psi .• 

but p, 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 pr~stressing bar used. 

For an unhanded post-tensioned column. it is necessary to delennine the dependable 

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

318-89 which states; 

f,. '" f. + 10,000 + t 
l00.p, 

(2.9) 

and the maximum value of I" in Eq. 2.9 is limited to the lesser of In and 

if. +60,000) ,where I" = specified yield strength of prestressed tendons in psi.. I., = 

effective 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 detennined. Eqs. 2.4 and 

2.5 may be ploned on an axial load-moment interaction diagram as shown in Fig. 2.3. 

The difference between the cracking and the ultimate ~~'rfaces should be checked to 

ensure there i1> 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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The design shear on the column should be calculated from considering the critical end 

moments; it is given by Vw • 2M" I h, where It, = clear height of the column 

and Mil = 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. 

Trtlnsv~rs~ r~inforullUnt dttoiJ;ng of ndesigned 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. < t(V. + VJ where V •• A.!lIs = 

nominal shear strength to be provided by shear reinforcement and V, - 2/i:b.,.d = 

nominal shear strength to be provided by concrete. The confming 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 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 Vel and V C'W given by: 

Va = O.6fj:b.,.d + ?~ - (2.10) 

but should be Va ~ 1.7f,i:b.,.d . 

V C'W - (3.S/i: .o.3/,Jb.,d (2.11) 

where. Vel = nominal shear strength provided by concrete when diagonal cracking results 

from combined shear and moment. t: = 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 O.80h for prestressed members, ~ = factored shear force at section due to 

2-9 



externally applied loads occurring simultaneously with M_ . M_ = maximum 

factored moment at section due to externally applied loads. Mer = moment causing 

flexural cracking at section due to externally applied loads. tIC = compressive strength 

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

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

Vi V, 2M 
end moments are considered then -_.. .. --It • which when substituted in Eq. 

M_ M. 1r~1I 

2.10 gives the following equation: 

(l.12) 

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

-shear cracking occurs and Eq. 2.11 governs. 

DdlJiling of bea",-colu",n join' 

The last step of capacity analysis and redesign concerns itself with the beam-column joint 

cormection. The design length cf the joint flllet (Refer Fig. 2.3a) was decided in the flrst 

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: 

(2.13) 
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wh~~ jd = depth of internal l~ver ann • ( d-d') , EM,. M; +M; = over 

strength capacity of gird~rs = ( .......... :)( 1.25/, )jd . hence Eq. 2.13 can be written as: 

E 1 L1L. 
V· M(---) 

}II 'jd h. 
(1.148) 

(1.14b) 

The horizontal joint shear VjA is resisted by V dI = horizontal joint shear resisted by 

concrete alone through a smn mechanism and by V.. = horizontal joint shear resisted 

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

VJft • VdI + V .. (1.15) 

This method of capaciry anal)'sis and redesign includes a fillet which provides anchorage 

for the bonom reinforcement. If the structure in question has unbonded positive (bottom) 

beam reinforcement adjaccnt to the columns due to previous seismic activity, a layer of 

steel in the fillet of equal area as the positive beam reinforcement needs to be provided 

as shown in Fig. 2.4(a). It is imponant 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 

VJ'~.V tw (where V L'W is determined from Eq. 2.10 ), no additional joint steel need 

be provided. If however V,/II~.V tw ' Eq. 2.1S will apply and Veil can be determined 

using Eq. 2.10, or by the following equation suggested in the New Zealand code NZS 

3101 : 

(1.16) 
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where p • A)A, = ratio of w beamlfillet compression to tension reinforcement 

where O.5spsl . For the remainder of the horizontal joint shear force resisted by fillet 

steel, V", ,the required area is calculated from Eq. 2.17. 

VJiI - Y cl A ., --'--- <2.17) 
" •• !,. 

2.3 Summary of the Design Processes 

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 

Slep 1 : Longitudinal Beam Reinforcement 

D.I Flexural design of beams: 

B~ams ar~ des;gn~d and propot;oned lor 
moments which ar~ a r~s"lt of applying 
1M moment r~distTiblllion proass to tM 
~IQstic design code actions. Beam plastic 
hinges are g~nerally locat~d at the 
column lau and adequately detailed lor 
ductility. From the actual reinforcement 
provided tM ~ams flexwral overstrength 
capacity is assessed. This is used in 
~am shear and colllInII strength design. 
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R.I Fluural check of beam strencth 
distribution: 

The anchorille of the posltlve 
reinforcement at the beam-column joint 
connection should be paniculady 
considered. If the bottom bars are 
discontinuous then a means of providing 
dependable positive moment capacity 
needs to be devised for enhancing 
seismic 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 S1eel 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 rlwn the shear corresponding to 
rhR maximum possible flexural strength 
at the plastic hinge region of the beam. 
The underlyi"g premise being thot 
inelastic shear deformation does not 
provide the essential clwrecterisrics for 
energy dissipation. 

R.2 Check of shear strength: 

It may not ~ 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 
linle 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 o\·erstrengths. This ensures a 
weak-beamlstrong-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 prol'ided 'he 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: Transverst Column Reinforcement 

D.4 Transverse reinforcement detailing 
for the columns: 

From the most ad\'erse comhination of 
column end overstrength moments the 
maximum possible shear force in the 
columns is computed. Transverse shear 
reillfor('ement is prm'ided over the entire 
column height. Additional shear steel 
and/or confinement or antibuckling steel 
is generally also required in the 
potential plastic hinge :one 

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 
detennine the shear resisted by the 
concrete. Generally the intrinsic shear 
strength of the compressed concrete 
would be greater than the ultimate shear 
to be resisted, else provide 
supplementary transverse shear 
reinforcement. 

Step S: Beam Column Joint 

D.S 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 en/umn actions In 
this step Ihe designer should attempt 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-c:olumn 
joint: 

Check that there is adequate longitudinal 
beam bar anchorage through the joint 
core. Since the length of the joint flliet 
has been decided in the Step 1 of the 
redesign. the designer should attempt to 
detail flllet reinforcement in this step. 
The joint may be considered to behave 
in an elastic manner and the shear 
resisted by concrete in elastic 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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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 Pan II of the evaluation repon 

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 amplitu<'es of reversed cyclic lateral loading to 

simulate the effect of strong ground motions in order to investigate their strength and 

ductility c'lpability. 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 originaVas-built specimen consisted of two types of steel, 

annealed and regular. The annealed steel comt>rised 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 fy 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: 

I. lIigh strength thread-bar with a nominal diameter of 3/8". The d., was 5/16" 

based on the root thread diameter, hence A.,JJ.077 in2 and fy=120 ksi. 

2. D 1 wire (A .. =O.OI in2
.) for transverse reinforcement f1=14O 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 n 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=O.3f,A,. Flexural cracks were first observed at the end of the ±l% 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 ±S% drift cycle. 

The force-drift and the lateral load-rotation graphs for the as-bttilt/specimen are shown 

in Fig. 3.4. 

3.3 Retrofit of the Damaged Columns 

3.3.1 Retrofitting Tcchniques 

The previous testing of the as-built/original columns showed that although the columns 

attained drift amplitudes of S% while still maintaining their nominal strength, the, 

subsequendy 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. TIle 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 

oc~ur at ground floor level, ductile reinforced concrete detailing should be used. 
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Two identical specimens previously tested. as described in the preceding sections. were 

retrofitted. One of the damaged ~-pecimens was retrofitted using the principles of 

conventional reinforced concrete - herein refere<! to as the RC specimen. The other 

specimen was retrofitted using the concepts of panially 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 16x8x3
/. in. 

with a central 4"x4" hole. to 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,,~.3125". ~~.077 in! and fy=120 ksi.)~ Refer to Fig. 3.1 for the stress-strain 

relationship. 

The transverse reinforcement consisted of a wound square spiral of 01 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 

ties 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 fonnwork was placed around the new reinforcement cage and lhe concrete 

was cast in one pour. 1be average value of f'c at the time of testing was 4.8 ksi. 

3-3 



ORIGINAL COLUWf STEEL 

L..ongIIucIMI 
1M ...... 

.-

/ ii 1 

:.: --
m a:: 
t; 

..... 

0,04 o o 0.1 0.12 0.14 O •• 

STRAIN 

RE1'"RUH liED ~ STEEL 

o o 0.1 0.. 

STRAIN 

Fic. 3.1 Stress-Strain Grapbs for Reinforcement 

3-4 



Jl II Ie,,,. Mr. I\ct_,*" 

~"1-1I"· "' .. ~. 
~ at .... 

LoIId 0.11 
s .• ICI .. .,... IC"'_~'" 

eonl. r-1/ ,..........= • .....0.11 

I 
t 

... • D · IctII I I I 1JC)t • 
'II .-

U" 

~ 
~.~ ... 

D · 
Va 

I .. 

eF I~ .of W .... 1 ... 

r--.D~ 
.vr ~' · II 

• • • r • • 

'" ''''~'''''' ~I.- D~ 

3-5 



S·"· ... 11 

- ... 11 

.... I-

...... ', 
er 

N - 21 V 

B.Lt. Olear-a. 

Uadol COl..., 

I!sslon 1-1 

3-6 



STAGE 1 
2.50 

2.00 

1.50 

1.00 

10.50 

-.., 0.00 

~ ~. 
·1. 

·1. 

·2. 

·2. 
·6"4 -4% ·2% ()D/o 2% 4% 6"4 

DRIFT 

STAGE 1 
~50.------------------r-----------------, 

~OO 

1.50 

1.00 

• .....O:::>.-=OO~ ____________ _ 

i 0.50 --~ 0.00 _. __ .-._._._. __ ............ . 

~ ~. 

·1. 

·1. 

·2.00 ------..:::;;;~~"'P 

i 
: 1 NcmNI SPn!I!l 

·2.5O-1------,.....-----.-------+-----..... ----.,.------i 
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 

ROTATION (rM) 

Fig. 3.4 Force-Drift and Lateral Load-Rotation Graphs for the OripaallAs-built 
Specimen 

3-7 



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-controlled hydraulic 

actuator. This was held in place with the help of two 3/. 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 thJead-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 ±O.O 1 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 

±O.OOI in. 

Data from all channels was recorded on a 486 PC computer at a sampling rate of 1 Hz. 

using Labtcch 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 exponed to a spreadsheet program for analysis. 

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

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

Due (() 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. 

Thr 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 I refers to the testing of the original/as-built specimen. 

111 Stage :2 of testing the applied axial load was 21.2 kips the same applied to the 

(In!!ill;tlla~-huilt specimen in Stage I. The specimen was tested at to.25%. iO.5%, ±1% 

dnft amplitudes. The horizontal actuator capacity was reached at this stage. 

The Stage 3 of testing was carricd out at ±O.25%. iO.5%. ± 1 %, ±2% drift amplitudes. 

'1 hl" axial load on the specimen was reduced to 14.3 kips to represent the load in the 3 

... tory Illodcl. Prior to attaining the 2% drift amplitude, the horizontal actuator load 

rapacity of fi kips was reached at a drift amplitude of t 1.25%. 

Thl" axial load Oil the specimen was funher 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. 

hll Stage 5 the specimen was tested under proponional axial loading 

\\ lIb P=(6.9S .. 2H) kips similar to Aycardi's specimens 3 and 4. The specimen was 

tnll'd at inw:asing drift amplitudes of iO.5%, ±I%. ±2% after which the horimntal 

actuator capacity was rcached. 

TIll' specimcn was tested with an axial load of 7 kips and 5 kips for Slage 6 and Stage 

7 rl"spe<:tivt"\y. The capacity of the horizontal actuator limited testing to drift amplitudes 

of ± 10/,. ±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 testm, 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 bonom 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 amplitudesof±l%, ±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 stile there were extensive shear and flexural cracking at the base 

of the column. The column sttength 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 "5% 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 Testinc and Results lor the PSC Retrof"d 

The PSC specimen was quasi-statically tested at increasing drift amplitudes of ±O.2S%, 

±l%. ±2%. ±3%, ±4% and ±5%. The initial half-cycle of loading for all tests was in the 

reverse direction foDowed by the forward cycle. 

The PSC specimen perfonned very well up to the ±3~ drift amplitude with no visual 

cnckina observed. At this juncture the '/." hue plate cracked due to fatigue of threadbar 
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anachments and there was a large loss of axial prestress hence a major drop in the lateral 

force was observed. 

TIle behavior of the PSC specimen was essentially elastic at the 0.25% drift. A 

comparison of the elastic stiffness of the original/as-buill 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 Conclusiom 

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

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

1. ~ 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 SCI,. 

3. Although it was not the intention of ensuring ductile inelastic response for the PSC 

column. nevenheless it behaved well showing a surprisingly good energy dissiration 

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 retrofined one-way beam column joint is 

presentw. 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 

+ I. 7L. only. This non-seismic design is typical of the eastern and central United States. 

The results of the original test are reviewed herein to provide an appropriate basis for 

evaluating the perfonnance of the retrofinedlrehabilitatw 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 m - Rapid hardening 

cement, Type I 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 consistw of two types of steel; 

annealw and regular. The annealed steel comprised of D4 bars with a yield strength. f,. 

of 65 ksi. The regular steel consisted of plain round #11 gauge wire with an fy value of 

54 ksi. 

The mix for the retrofiued specimen was a propriety Magnesium Ammonium Phosphate 

concrete of the high strength early scuing 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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buill specimen. the reinforcement for the retrofitted specimen consisted of DI wire ( Ab 

= (Ull in2
) for transverse reinforcement which had a f, value 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 Originall As-built Specimen Performance - STAGE I 

4.2.1 The Specimen 

A schematic diagram of the test set-up for the originaVas-built specimen is shown in Fig. 

4.1. The rig used for testing was the same as the one described in Section S 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-huih 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 ±O.I % drift cycles. In 

subsequent cycles the specimen exhibited wider hysteresis loops in the subsequem as 

shown in Fig. 4.3. The nominal capacities presented in Fig. 4.3 represent three states of 

full anchor.tge. panial anchorage and no anchorage of the bottom positive beam 

reinforcement For the first state.A; .. 2A.. the second state assumes 

If; = 2;1 •• coluua e~1II • and finally A: .. 0 for the no anchorage state where 
dewloplrtelll ~ngtIr 

If; = the area of positive beam (bottom) reinforcement used for calculating the nominal 

cap"cityand 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 

anributed to pull-out of the positive (bottom) discontinuous beam reinforcement which 

c()lnmencoo at the ±3% drift cycles. 
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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 inelastic behavior is also evident adjacent to the .ioint. 1lte behavior 

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

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

inadequate joint shear strength because of the absence of confming/joint shear Sleel. 

4.3 Rdrofit or the Damaged Beam-Column Joint 

4.3.1 Retrofit Technique 

The previous testing of the original/as-built heam-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 confmement 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 S"xS" to a 

6"x6" section. This would help increase the strength and proponionately reduce the 

ductility demand on the columns. 

4.3.2 Construction of the Retrofitted Specimen 

The residual plastic deform arion of the heam-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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Appropriate holes were made on both the north and the south beams at 7.S" from the 

original column face to accommodate three layers of joint shear reinforcement for the 

fillet. 

Additional longitudinal reinforcement consisting of eight D4 bars was placed around the 

original/as-built 5"x5" column held in place with tic 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 01 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; fust the bottom column, followed 

by the joint fillet and fmally the top column was poured. The average value of t at the 

time of testing for the three pours was 4.8 ksi . 

.... 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 measured by a load cell calibrated to an accuracy of ±O.OI kips. 

Rotations were measured by sets of linear potentiometers which were attached in pairs, 

one to each side of the columns and beams. These potentiometers had a calibrated 

resolution accuracy of ±O.OOOl in. 

Joint shear strain WIIS monitored with a purpose built device which measured the angular 

deformation of the beam-columnjoint using a If2" linear potentiometer. This gave ajoint 
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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 I Hz. using Labtech Notebook software. A backup 

lateral load vs. displacement plot was recorded on a 7090A analog Hewlett-Packard X-V 

plotter during each test. The recorded data was exponed 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 ±O.2S%, ±l %, ±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 ±O.25% drift level the specimen behaved elastically, as observed by the narrow 

hysteresis loop shown in Fig 4.10. A comparison of the elastic 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 original/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 fallet. 

This was followed by the 2% drift cycles in which wide hy~eresis 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 lO"x 

31/,"x 1/16" 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. TIle cover concrete on both sides of the flUet began 

to spall and ex.tensive flexural cracks developed at the face of the fJ.llets 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 Oexural 

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. TIle 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 conflrmed by Fig. 4.13, the lateral load 

vs roW ion plots, which shows essentially elastic behavior for both the top and bottom 

columns. 

The joint behavior was mostly elastic as shown in Fig. 4.14. It appears from this plOl 

however. that due to load cyclina. there was a strength decay in the COIlCIele 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 tlexural strength) only has a limited life and 

that after only a few JeVersais to maximum SU'enIIh ( about 4 in Ibis case) the bond is 

lost 
4-1S 



The Stage 3 of testing consisted of blocking the beams to avoid any sidcsway movement 

and then monotonically pulling the top column with the objective of detcnnining the 

ultimate lateral load carrying capacity of that column. Fig. 4.15 shows the results of this 

test as a force \'s displacement plot. The nominal ultimate strength presented in Fig. 4.15 

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

4.6 Condusion~ 

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

specimen and the retesting of the retrofitted specimen: 

I. The principal objective of the seismic retrofit and redesign was to augment joint 

alld column strength. This was achieved as con finned by the essentially elastic behavior 

of (he joint. Column strengths of the subassemblage was also adequately increased 

preventing them from actively panicipating 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 

re i 11 force me nt. 

). The bonding of the steel plates was successful al reducing the localized damage 

in the top ponion on the south beam which was badly damaged due to previous testing. 

Ilowe\cr. slich a repair is good for only a limited number of load reversals. 
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SECTION ~ 

EXPERIMENTAL STUDY ON A SLAB-JlEAM-COLUMN SUBASSEMBLAGE 

5.1 Introduction 

In this section. an experimental study of a reU'Ofitted interior slab-beam-column-joint 

subassemblage is presented. The original/as-built specimen was a one-third scale model 

of an interior subassemblaae of a prototype buildins. 1be full-size prototype structuR was 

originally designed in accordance with the AC-31S-89 code for pavity loads 

(U=1.4D+1.7L) only. The original subusemblage specimen was tested by Aycardi (1992), 

and cast simultaneously with a companion one-thin:i scale model buildina which has been 

tested by Bracci (l992b). The subassemblaae specimen included the floor slab and the 

transverse beams and was tested with additional kentlages 10 aeare similar initial bendiq 

moments and shears near the joint connections with respect to the protocype. For the 

purpose of comparison, the results of Aycardi's (1992) originallCSI are IUIDIDIrized ~in 

to provide a basis for objectively evaluating the effectiveness of the retrofit scheme 

considered in the present study. Conclusions arc drawn on the implications of the failure 

modes observed in the subassemblage both before and after the mrofit. 

5.2 The Oripaall Asob.OI Specimen Performaoce 

5.2.11be Specimen 

The dimensions of the specimen were based on the intentory heipt and the typicll spans 

of the prototype buildins; the underlyinc lSIumption beina thai: points of c:onulfJexure 

occur It mid colunm heights and IppI'Oximately mid-span. 1be top colwnn of the 

specimen was sufficiently hish to allow connection of both the horizonIal and venical 

1CtUItor5. 

The value of t: was 4.35 ksi. for the columns; for the beans and slab the value was 5.00 

Itsi. 1be details of the reinforcement used for 1be oriPW/as-built IUbutembla&e are Jiven 

in Table S.l. 
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Table 5.1 Reinforcement for Original/As-built Specimen 

Steel Type " E. 

(ksi) (ksi) 

D4 6S 31050 

DS 42 31050 

#1 Gauge 53 29800 

#11 Gault 54 29900 

The configuration of the original/as-built specimen is presented in Fig. 5.1. The layout of 

the slab, column and beam R:inforcement is shown in Figs. 5.2, 5.3,5.4 respectively. 

5.1.2 Ttstina and Results - STAGES 1. 1 and 3 

The as-built specimen was tested in three stages. 'The axiallold 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 usine 

the measured displacement coming from the sonic tranSducers It the level of the applied 

load. Readings from all instruments were recorded continuously usine a Megadac data 

acquisition system with a data samplinS rate of 100 samples per cycle of loadins. 

The Stag~ 1 of testing consisted of two complete displacement controlled cycles at drift 

levels of ±O.2S%, ±O.50%, ±1%, ±2%, ±3% and ±4%. 1bis stase of tesq resulted in 

some cracks located only in the upper column at the end of the ±2t11 drift cycles. After 

the ±3% drift cycles wee completed, flexural cracks increased and some spallins was 

observed. 'The ±4% drift cycles resulted in damage principally concentrated in the upper 

column lap splice region. Little damase, apart from some superficial cracting WIS 

apparent in the beams mel the lower colwnns. 
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In Stage 2 of testing. the horizontal actuator was moved down to apply the load 10 in. 

from the top of the slab. This was to simulate the downward movement of the point of 

contraflexure in the second story due to early fonnation of a column hinge. This second 

stage followed a different test sequence: two complete drift cycles at each drift levels of 

±l%. ±2%. ±4%. On completion of this stage. spalling and flexural 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 conunenced. No further damage was apparent in the 

beams. It was rhus 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 Me 6x 18 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 column with the 

vertical actuator at the rate of O.OOS inJsec. 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 yield line. 

The force vs. drift plots for Stage I, Stage 2, and the moment vs. curvalUJe plot for Stage 

3 of the as-built specimen is presented in Fig. S.4. The force vs. rotation plots for the top 

column, bottom column, right beam, left beam and the drift conttibutions from each 

component of the as-built specimen are presented in Figs. S.S -S.7. 

This clearly shows that the failUR mechanism of the as-built specimen was a weak 

column-strong beam one, which is undesirable according to present day seismic desip 

philosophy. 
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5.3 Retrofit of the Damaged Subassemblaae Specimen 

5.3.1 Retrofittina Technique 

The specimen was retrofined in accordance with the guidelines outlined in Section 2. A 

combination of reinforced and prestressed concrete was adopted for the retrofit of the 

damaged specimen. 1be top column of the subassemblage was prestressed. By effectively 

increasing the axial compression of the column throuJh prestressing the strength was 

enhanced such that the response was primarily in the elastic 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 bonom conCRte 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 fonn a plastic hinge. A reinforced 

concrete section with adequate transverse reinforc:emem would ensure adequate energy 

dissipation in the cracked state. Also, enhanced strength by using post-tensionina at the 

lowest story of a structure may not be desirable since Illy increase in sumsth of these 

heavily loaded colWlUlS could induce excessive moments into the foundation system. TIle 

lower story also actS as a zone in which the pre5treSSma bars can be anc:horcd (bonded) 

for the upper stories that are post-tensioned. 

TIle construction of the joim fillet served two purposes. First. it provided adequate 

development length for the positive (bottom) lonsitudinal steel of the helms; and second. 

it IoCCOIIlI1lClda the much needed shear steel in the beam-column joint region. 

5.3.2 Coutruction of the Retrofttted Specimen 

TIle occurrence of a weak column-stronB beam failUR mechanism durina the previous 

resting on the as-built specimen justiflCd conctcte jacketing of the columns of the 

subassemblage. This entailed I minimal enlargement of the columns from 4"x4" to I 

6"x6" square section. 
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The steps adopted in the retrofit process were as foUows: All the loose conaete 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 fallet and also to allow the p8Ssase of longitudinal threadbar 

reinforcement. A set of two O.S 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/fallet reinforcement. These areas were thoroughly cleaned so that there would be 

adequate bond between the old concrete, msh 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 'I. 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 shearlfillet reinforcement was placed in two layers duouJh 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 tbe upper column to prevent local failure due to stress concentration at the 

point of application of the lateral load. 

The column fonnwork was constructed from 22 gL galvanized sheet metal. The entire 

fonnwork was split into two halves, which folded into each other to fann the appropriate 

shape. 

The concrete mix used for the retrofitting process was a proprietary Mapesium 

Ammonium Phosphate ~ of the high-stteqth early setting type ( Set-4S, Hot 

Weather, supplied by Muter Builders Inc.). This type of concrete product was chosen 
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because it provided material propenies that were ideal for the retrofitting operation. To 

state a few advantages of this concrete: 1lle water content was low, only 8.34% 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 respectively. This 

high early strength enables a rapid rum around of fonnworlc and minimum interference 

time in a building being rehabilitated. 1be concrete mix had its own pre-mixed aggregate 

of size II. in. down. Up to 60% extension is permitted using II. in. down aggregate 

without expecting any significant loss of compressive strength. TIle mix afforded the 

attairunent of its maximum flexural strength of 1000 psi. in 20 hours. TIle 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. 

1be 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 

c(;lunm was poured. 1lle average value of t: for the retrofitted specimen, obWned from 

testing three 4x2 in. cylinders of each stage, was 4.8 ksi. at the time of testing. 

5.3.3 Reinforcement for tbe Retrofitted 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). 1be reinforcement for 

the bottom colunm was bonded giving a 6x6 in. reinforced concrete column. 1be 

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 ponion of the top column, to 

prevent local failures, by way of stirrups of D 1 wile at 1 in. center-to-center spacins. For 

the bottom column transverse reinforcement consisted of a wound square spiral of D 1 

wire at 2 in. center to center ( Refer Fig. 5.9 ). 
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The joint region consisted of a flliet which extended 6 in. from the face of the original 

4x4 in. column. This distance was detennined on the basis of the development length 

required for the bottom bars of the longitudinal beams. The reinforcement consisted oi 

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

5.4 Experimental Sci-up and Instrumentation 

The gener~ 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 correspo~liingly 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 fonn of an interaction diagram in Fig. S.12.1be moment capacity of the prestressed 

column was detennined using strain compatibility technique for unbonded tendons. The 

value of I,. is calcullled from Eq. 2.9 of Section 2. The bottom colWlUl was treated as 

EM 
a conventionally reinforced section. 1be I:M col rllios for the original as-built and the .... 
retrofi~d 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 ·.vere measured by a load cell calibrated·to an accuracy of to.O! kips. 

Rotations were measured by a pair of linear potentiometers which wer: attached in pairs, 

one to each side of the columns and the longitudinal beams. These potentiometers were 

mounted ODlO an aluminum chassis and epoxied to the concrete. Rotations in the 

longitudinal beams were measured in the hinge zones adjacent to the joint fillet as shown 

in Fig. 5.13. Potentiometers had a resolution of to.OOOl in. 

All channels were recorded using Megadac SS33A 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. TIle data from the Megadac was exported 

to a PC computer for analysis using spaeadsheet programs. 

5.5 Testing Procedure 

The retrofitted subassemblage was tested quasi-statically with two cycles of loading at 

increasing drift amplitudes of ±O.2S%, ±l%, ±2'l1, ±3'l1, ±4'l1. A sinusoidal wave fonn 

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 nonh direction followed by forward cycle or 

loading in the South direction.This constituted Stage 4 of testing. 

This was followed by Stage S, which comprised of SO cycles ("f quasi-dynamic loading 

at O.S Hz. to a drift amplitude of 4%. TIle only data recorded It this stage of testing ~as 

the lareral 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 fmal 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, S 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 inenia 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 colwm 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. Tale 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 tilled 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 rustortion, as observed by the ~ce 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 30/(: 

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 ftllet area, closer to the beam face, exhibited additional spalling of cover 

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

STAGE 5 

The strength of the retrofined specim('n degraded to 750/(: of its initial value in the flTst 

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 detennining 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. 5.23 is exceeded due to strain 

hardening of the longitudinal column reinforcement. 

S.6.2 Component R~&ation 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 

cormection at the base ( Refer Fig. 5.13). From geometry the total applied drift can be 

expressed as: 
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where. 

A 
D~--

H 

e = , 

L= 

H= 

y.= 
I 

( S.l ) 

Total applied drift. 

Elastic component of drift fOT the subassemblage. 

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

Length of beams from the specimen centerline to the point 
of contratlexure = 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 in. 

Distance from the plastic hinge zone to the end of the top 
column. oottom column = 22.375 in .• 20.125 in. 

Plastic shear distonion of the joint. 

The elastic drift component was evaluated as 6. =(O.OO178).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 nO( 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 

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

follows: 
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9 +9 
y/=[D-O.OO178F)-[O.765( 1Ir2 61) .. O.445(9n>+o.4(9~1 (S.2) 

Th~ first and second brdcketed ponions 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 brdcketed components give the joint shear distonion Y)' The various 

Wlllponents of drift are tahulated in Table 5.2. 

Table 5.2 Drift Contribution of the various Components 

'1",,',,1 Plastic Dri ft Right Left Top Bottom Joint 
Drift Beam Beam Column Column DislOnion 

from 
Eq.5.2 

(D) D-(O.OOI78)F (9~ (9~ (en> (8.,J (y) 

I 
+0.01 0.0050 (J.(X)28 0.0043 0.0005 O.cKX15 O.(X)()4 

~-O.()I -O.(X)S2 -(UXI28 -O.cX133 -0.0008 -(W005 -O.CXX>9 

Ii +0.02 OJ1I45 O.cXl76 0.0125 0.0016 0.0013 o.cX)) 5 
II IU12 -0.0143 -(UX>97 -O.(x)RO -0.cXl33 -0.0014 -O.cX)(lR 
I( 

I! ~().()3 O'(124h 0.0149 0.0210 OJlO32 (l.()()22 (l.OO13 .1 
I ·1J.{)3 -il.0245 -0.0173 -0.0143 -0.0036 -0.0022 -0.0029 

t +(U)4 0.0356 0.0253 0.0294 0.0055 0.0022 0.0005 
-().04 -0.0350 -0.0300 -0.0276 -0.()()41 -0.0018 -0.0002 

it ~h(lliid he noted that the plastic rotation values of the beams and columns. tabulated in 

Tahle 'i2. ar~ multiplied hy th~ir appropriate coefficients as seen in Eq. 5.2 before being 

Illnelllt'd graphically in Fig. S.20. The plastic rotation contribution of th(~ top and txmom 

l'OllllllIlS IS nearly nne-eighth of that of the longitudinal beams. This shows that the 
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IlingIng is primarily 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. 2n-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 [0 the 

p:lrtlal los., of hond of the oottom longitudinal bars. 

A l'Ol11pan son of rotation contribution of various components of the specimen before and 

;Ifter tht: retrofit ( Refer Figs. ).7, S.20 ) indicate a clear change in the failure mode of 

thl: ~pl:l·illll:n. Figs. 5.0 and 5.7 show that there was no plastic rotalion contribution from 

till' longitudinal oeams of the original as-built specimen. Results from Pan II of the 

evaluation report series (Aycardi et al. 1992) show that the original as-built specimen top 

1Il1111ll1l f'liled. this would constilllte a column side-sway mechanism in a full-scale 

\I IIlcture. In contr,'st Figs. 5.20-21 show that the failure in the retrofitted specimen is due 

I() hlll!!ing (If tht: longitudinal heams; this would cause an entire structural frame to fOO11 

a heam-sidesway mechanism. 

~,7 Com:lusions 

B;t~l'(1 Oil tht ohservations of the previous testing of the original as-built ~pccimen and 

Iltl' testing (lIthe retrofittt:li spc(.:imen. the following conclusions are made: 

The as-ouilt specimen exhibited progressive damage in the columns. principally 

the top column, with no nOliceable damage to the beams, This resulted in a weak column

strong beam failure mechanism. In contrast, the retrofitted specimen exhibited progressive 

da;nage to the beams near the joint fillet, with no noticeable damage to the columns; thus 

nhihiting a favorahle weak hearn-strong column mechanism. 

2 Although it was not possible to detect visually. analysis showed that there was 

:-OOIlW int:laslic joint shear distonion amounting to about 25% of total plastic displacement 
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at large drifts in case of the as-built specimen. For the retrofined specimen, a similar 

analysis showed that about 12o/C of the total plastic displacement was from inelastic joint 

shear distonion. This was panially observed due to cracking in the fIllet region. 

3. The construction of the joint fIllet provided sufficient development length to the 

bonom 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 

I :Ihb b. ~ 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 S. 

Table 6.1 Column StifTnesses and Strengths Before and After Retrofitting 

StilTnes.c; 

Sperimt'n Tht'or. ElI(pt'rimt' t. Rxptriment. 
(;rll!i..~" Ob~rvecr' Observed 

(ratio)') 

(EI., (.:1) 

Original K02()O 52267 O.M 

1<(' .Jacket 4205(K) 2(J(X164 0.47 

I'S(" .Ja(·ke. 4265(X) 5KIl6H 0.14 ., 

I t.l lhl"un'll\.~l i!h~'i ... llffnc1So for thr u.nllle\lrr (olumm has hccn l.&k:t.!laled uSing 

I. rnl"'fn,'nl of lfIen ... "f gro," ,"u,u1l"l(' 'iCl"iIOfl n('gICllln~ the rr,"forc~mmt .... d 

E = 57fXKJ,ji psi 

.. ,II'h P ., -!""~i l)f Iht· n("'nm~1 SIrct'lgth and 4 
1<.Jill' \~Jlh rL"r--'CI 10 lh(' .n("orcl".:aJ .. ro~s looffnr:'li 

.~ 1~.lr", \/11th rl·~pt',"·1 to Ihe numm.-I ilf(";f1glh 

'r"lo,·i.:mlt.'n "'ct' \c~cn:ly d.ml,t...J f'nor to rr:lrohlilng 

EI __ PL 3 

34 
I § the correspondmg, dcllc('1.10ll 

Flrxural Strenllth 

NOIIIinal A('h~ved 

(Kips) (Ratio)'· 

I.QIl loCn 

5 1.2 

334 0.94 

Tahle 6.2 Suhassemhlage SlilTnesses and Sirenglh Before and After Retrofilting 

Spn'imen Stirrnes.~ 

Ohs. Ob!l. Ratiu 
Arter 

'I 
Odore 
Retrnfit Retrofit 
(K/in.l (K/in.) 

On"·"ll~ 
hum 3.90 0.90 .56 

('Illumn 
jilin' 

~ 

T"u."a~ 
ht· .. m ~.t} t to 21 .4K 

, l'lIlumn 
joint 

W..',',. 01 51.no.: .... t.. hm: \0 IUnnCi'!'. ancr retrofit 

Ik,,"l1 ",oes".y I11Cl:h4nI~ln 'lrcnglh befon' ,("Iruru_ 
,- f{;tI,U With n.-'('W."4.:1 hJ t~SM ~\n:ng'h 

Flexural Slnnllih 

Nomina' Obs. Obs. Ratio') 

ror Bdore Arter 
BSM'l Retront Retrofit 
(Kips) (Kips) (Kips) Beron Arter 

1.77 1.35 2.44 .76 1.8 

2.75 1.52 2.KI .55 IJ)2 



J. The capat:ity analysis and redesign demonstrated that it was of critical importance 

to rrovide dependable positive moment capacity in the longitudinal beams of the gravity 

load designed frame. A joiOl fillet 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. 

The:-;e obviale Ihe need for additional transverse reinforcement, and afford easy pouring 

of concrete in t:ll\ enclosed spaces. 

" ~rhe principal objective of the retrofit redesign of column specimens was the 

;wt'mcntalioll of strength. This was achieved for both RC and PSC retrofits. A second 

oh.iecllve for the RC column retrofit was to ensure a ductile post-ultimate behavior 

through the provision of [mnsverse reinforcement. The specimen behaved well, showing 

nccJlen[ energy dissipation up to drift amplitudes of 5%. In spite of the absence of 

tr;msverse reinforcement, there was no apparent distress due to shear in the PSC retrofit. 

~ Thl' controlling purpose of the seismic retrofit and redesign of the one-way beam 

COlUIllII joinl was 10 augment joinl and column strength. This was achie-ved as 

wrroboratcd by the essentially elastic behavior of the joint. Column strength was also 

adequately increased. preventing them from actively participating in the energy dissipating 

process. 

) The joinl fillet design shifted the potential plastic hinge zone away from the 

column face t() the edge of the joint fillet in an effective fashion and at the same time 

provided sufficient development length to preclude any possibility of pull-out of the 

bottom longitudinal beam reinforcement. 

6. The Ixmding of the steel plates was effective in reducing the localized damage in 

the top ponion on the south beam which was badly damaged due to previous testing. 

Ilowever. such a repair is good for only a limited number of load reversals. 
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7 The original subassemhlage exhibited progressive damage in the columns, 

prIncipally the top column, with no noticeable damage to the beams. This resulted in a 

wcak column·strong heam failure mechanism. In contrast, the retrofitted specimen 

nhihitt'o progressive damage to the beams near the joint fillet, with no noticeable damage 

10 Ihe columns; thus exhihiting a favorabk weak beam-strong column mechanism. 

X. Analysi~; showed that there was some inelastic joint shear distonion amounting to 

ahoUI 2Y7r of tolal plastic displacement at large drifts in case of the as-built specimen. 

I·or tlw relrofiul'd spt"cilllt"n. a similar analysis showed that ahout 12~ of the total plastic 

dl'11Iacl'Il1l"1l1 w;t, from indastic joint shear distortion. 

(j POq Il'J1SIOllinj! thl' top colullln :llIglllt"ntcd the column strength in hoth moment 

and shear cap;Kity ensuring elastic pcrfomlance, Concrete jacketing with a high strength 

1111 \ provilit"s a lkpcndahk and efft:ctive method of rehabilitating strw.:tUrLS in which the 

L'lllullln, have insufficient strength to prevent a column sidcsway me4.:hanism, 
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