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PREFACE

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

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

ELEMENT I
BASIC RESEARCH

• Seismic hazard and
ground motion

• Solis and geotechnical
engineering

• Structures and systems

• Risk and reliability

• Protective and
Intelligent systems

ELEMENT"
APPLIED RESEARCH

• The Building Project

• The Nonstructural
Components Project

~ The Lifelines Project

• The Bridge Project

ELEMENT '"
DEMONSTRAnON PROJECTS

Case Studies
• Active and hybrid control
• Hospital and data processing

facilities
• Short and medium span

bridges
• Water supply systems In

Memphis and San Francisco
Regional Studies
• New York City
• Mississippi Valley
• San Francisco Bay Area

• Societal and economic
Impact program

ELEMENT IV
IMPLEMENTATION

• ConferenceslWorkshops
• EducationlTralning courses
• Publications
• Public Awareness

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

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

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

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

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

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

One of the major thrusts of the research at NCEER has been the evaLuation of the performance
of concrete frame structures that had been designed onLy for gravity Loads. A variety of design
details, common in most parts of the country, have been studied experimentally and anaLyticaLLy
at severaL institutions. The main goaL of these investigations has been the deveLopment ofanaLyti­
caL tooLs for the prediction of the response of LightLy reinforced concrete structures. This report

.summarizes an anaLyticaL study of the expected performance of 3, 6, and 9 story frames to a set
of typicaL ground motions. The analytical model has been based on the results of the experimen­
tal research. The response of structures with various design details is compared in terms of
maximum response, damage LeveLs, and expected faiLure types for several LeveLs of ground
motion.
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ABSTRACT

Recent awareness ofa potential seismic event in regions of low to moderate seismicity have led to concerns

ofsafety and vulnerability ofreinforced concrete buildings in which ductile detailing has not been provided

explicitly in the desigri process.

An analytical investigation of the perlormance of reinforced concrete buildings designed primarily for

gravity loads.is presented in a two-part evaluation. In the first part, the seismic performance of non-ductile

reinforced concrete frame buildings in regions of low to moderate seismicity is evaluated. Several

significant aspects of non-ductile detailing are modeled using rational simplifications ofexpected member

behavior at critical sections. The detailing configurations included in the analysis are: (1) discontinuous

positive flexural reinforcement; (2) lack of joint shear reinforcement; and (3) inadequate transverse

reinforcement for core confinement. Inelastic time history analyses of three, six, and nine story buildings

are carried out under moderate to severe earthquake excitations. The essential parameters of the response

are examined with a view to identifying vulnerability of such buildings to a potential seismic design event.

The first phase of the investigation established that most of the structural damage could be attributed to

non-seismic details at beam-column joints or interlaces. Consequently, the second part of the study was

concerned with examining the effects of improving these details in a marginal way so that the 'seismic

performance could be enhanced without resorting to a full seismic design. An extensive parametric study

of the same buildings with refined detailing characterstics is carried out to establish simple techniques to

improve the seismic resistance of gravity-load-designed buildings. The important feature of the study is

that the buildings are not re-designed for lateral forces, but only that the detailing in critical regions is

altered to achieve improved perlormance.

For structural engineers in the eastern and mid-western United States who are concerned with seismic

performance and possible retrofit of existing buildings, and in the design of new structures, the results of

this investigative study provide a number of useful insights. A discussion of estimated additional costs

associated with the implementation of these detailing strategies is provided to assess the economic

feasibility of such enhancements. Indirectly, the study provides information on the effects of retrofit

strategies involving the confinement of beam-column joints through jacketing, wherein the purpose is to

improve column confinement, ensure adequate development length in bottom beam bars, and provide full

joint shear capacity. The study also provides a methodology to evaluate structural retrofit through inelastic

analysis and damage indicators.
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SECTION 1

INTRODUCTION TO THE EVALUATION OF EXISTING STRUCTURES

Due to the enormous loss of life and property resulting from recent earthquakes in Mexico City and

San Francisco, considerable public interest in this country has been directed towards the damaging

effects of earthquakes. And more recently, earthquakes of a moderate level which occurred in

Quebec in the north-eastern region of the North American continent, have increased general

awareness of the threat of seismic events outside zones of high seismicity. These concerns of

seismic vulnerability are compounded by the fact that seismologists predict a moderate to major

earthquake along the New Madrid fault in the not too distant future.

This study deals with a two-part investigation into the seismic performance of buildings in low to

moderate seismic zones where buildings are designed primarily for gravity loads. In the first part,

the seismic performance of non-ductile reinforced concrete frame buildings is evaluated. Included

in the evaluation are aspects of modeling certain detailing configurations which are inherent in

nonductile design, such as: discontinuous positive flexural reinforcement; lack of joint shear

reinforcement; and inadequate transverse reinforcement for core confinement. Inelastic time history

analyses of three, six, and nine story buildings are carried out under low to moderate earthquake

excitations. The essential parameters of the response are examined with a view to identifying

vulnerability of such buildings to a potential seismic event.

The second part of the study is concerned with examining the effects of improving the non-seismic

detailing in a marginal way so that the seismic performance is enhanced without resorting to a full

seismic design. An extensive parametric study of the same buildings with refined detailing

characteristics is carried out to explore simple techniques to improve the seismic resistance of

gravity-load-designed buildings.

1.1 Motivation

Given the potential risk of damage to concrete ~uildings from a moderate earthquake in regions of

low to moderate seismicity, the need for simpleyet reliable evaluation of existing construction is
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becoming a matter of growing concern to the practicing community. While analytical tools for

nonlinear seismic analysis exist, the real issue is whether the modeling ofcertain nonducti1e detailing

is properly accounted for in the evaluations.

The purpose of this study is to provide a simple rational procedure to analyze existing concrete

buildings that were design~d primarily for gravity loads. The procedure permits modeling of

non-ductile detailing in ap implicit manner so that existing analytical tools can be used to carry out

the required seismic evaluations. The analyses presented in this report attempt to provide engineers

with some preliminary data on the potential performance of typical gravity-load designed RC

buildings subjected to moderate earthquake motion. The results p~esented here can also be used

as a guideline for setting up damage-limiting criteria and for consideration of seismic upgrading,

if needed.

For structural engineers in the eastern and mid-western United States who are concerned with

seismic performance and possible retrofit of existing buildings, and in the design of new structures,

the results of this investigative study provide a number of useful insights. Indirectly, the study

provides information on the effects of retrofit strategies involving the confinement of beam-column

joints through jacketing, wherein the purpose is to improve column confinement, ensure adequate

development length in bottom beam bars, and provide full joint shear capacity. The study also

provides a methodology to evaluate structural retrofit through inelastic analysis and damage

indicators.

1.2 Background and Previous Research

The subject of evaluating the seismic risk or vulnerability of existing or proposed structures is not

new, though the application of the same techniques to nonducti1e or gravity-load designed

construction is both recent and undeveloped.

Four separate but related areas of research have contributed greatly in the development of this

investigation. The first of these deals with the general subject of inelastic behavior of reinforced

concrete frames. In the earliest building models, the entire structure was idealized as a shear beam

with internal nodes representing floor masses. The development of DRAIN-2D (Kaanan and Powell,

1971) was significant in making possible the analysis of RC frames in the inelastic range. Numerous

enhancements to DRAIN have also been reported in the literature wherein newer member and
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hysteretic models were incorporated into the DRAIN program. More recently, IDARC (Park et aI.,

1987; Kunnath et aI., 1992) was developed at the State University of New York at Buffalo with

several significant features for reliable modeling of RC structures. Among others, IDARC included

a shear wall model, a distributed flexibility element model,. and a versatile hysteretic model. All

evaluations presented in this report are based on analyses carried out using IDARC.

A second area of research that contributed towards this study is the behavior of RC beam-column

joints. This area of study has been studied extensively, both experimentally and analytically,

primarily for well-detailed connections. Still, not much is clearly understood nor well explained

about the behavior of beam-column joints, especially the post-cracking shear behavior and the

concrete contribution to the shear strength, both before and after cracking. This uncertainty causes

difficulty when modelling beam-column joints, forcing approximate methods and mechanical

idealizations to be used. Nonetheless, the work of Park and Paulay (1974), Paulay (1989), as well

as the report released by ACI Committee 352 (1976), provided major input into the modeling

schemes used in this study. Experimental work that has been of significant benefit in understanding

the behavior of beam-column joints and in subsequent modeling includes work of Otani et al. (1984;

1985) and Pessiki et al. (1990).

The third general subject area utilized in this research is that of damage evaluation of reinforced

concrete members and structures. Common within all work in the field of damage evaluation is

the quantification of damage based on the physical serviceable state of the component or system,

based on empirical correlations using ductility ratio and/or energy absorption. This approach of

quantifying damage is very useful for comparative studies such as those presented in this report.

A review of damage models is reported in DiPasquale and Cakmak (1987) and Bracci et al. (1989).

The model used in this study is based on the formulation of Park et ai. (1984).

The last area of study that impacts the scope of this report is the broad area of seismic risk assessment

oflightly reinforced concrete buildings. Since the Eastern United States is not the exclusive location

oflightly reinforced concrete structures or the gravity load design philosophy, it seems inappropriate

to infer that this subject has limited breadth based on geography. Documents of importance that

were reviewed prior to this study included the guidelines set forth by the Applied Technology

Council (1989) and the work of Reinhorn et al.(l988).
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1.3 Discussion of Seismic Design Philosophies

Several structural considerations have long been recognized as being of paramount importance for

the safe transmission of seismically induced inertia forces and the building remaining in a serviceable

state thereafter. A short synopsis of general criterion that are considered when designing for seismic

resistance is presented as follows.

1) Moment-resisting frames should fail in a slow ductile flexural yielding manner as

opposed to a brittle fracture type of failure such as joint shear, concrete crushing

or column buckling.

2) It is equally important that the failure mechanism be such that all gravity loads are

still safely transmitted to the ground after the seismic event has passed. To help

accomplish this, current seismic design recommendations propose the use of a strong

column-weak beam design be employed to assure column capacity remains after a

full mechanism has formed.

3) Ductility capacity of potential plastic hinge regions should be adequate to withstand

large rotations without the brittle crushing of the concrete compression zone.

Similarly, detailing configurations should be such to insure that longitudinal

reinforcement does not buckle should cover concrete be rendered ineffective.

4) An attempt to restrict the level of inter-story drift should be made to assure the

protection of interior utilities and the comfort of occupants.

More specific to beam-column joints, Park and Paulay (1974) suggest the following criteria should

be considered in order to achieve satisfactory seismic performance of joint regions within RiC

frames.

1) The strength of the joint should be equal or greater than that of the members framing

into it. More specifically, the joint shear capacity of a beam-column joint should

be such to assure that flexural yielding of the beams and columns framing into it

would precede joint shear failure.

2) Detailing in the joint region should assure that adjoining members may develop

their full capacity.
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3) Lap type splices of reinforcement should be located as far from the joint as practical.

Longitudinal bars should not be terminated within a joint without suitable

anchorage. Detailing should be such to insure that longitudinal bars continuing

through the joint do not buckle.

4) The joint should be detailed with consideration given to the ease of reinforcement

assembly and concrete placement.

The preceding issues are introduced at this point to outline current accepted seismic design practice

for reinforced concrete frames. Subsequent chapters will delve into these considerations in greater

detail and show the importance of adhering to a seismic design approach as well as illustrate the

consequences of different detailing strategies.
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SECTION 2

DESCRIPTION OF TYPICAL. STRUCTURE

The building configuration selected was a typical office building or similar frame structure that

may be found in many cities in the Eastern United States. A symmetric floor plan and floor levels

of equal height were used to avoid any irregular behavior that might lead to complexities in the
interpretation of the dynamic response. Since this research was an investigation into the adequacy

of reinforcement detailing, it was necessary to assure that the model was free from any peculiar

features that could obscure the results obtained from the modeling of separate reinforcing details.

Fig. 2.1 shows the typical floor plan.

18' 18' 18'
1__,'" -,,1-----....·1------../

Figure 2.1 Typical Floor Plan

Three structures of identical floor plan and story height, but of different overall height, were
evaluated to ensure that the examination of joint detailing covered a broad range of applicable
building heights. Buildings of 3,6 and 9 stories were modelled as shown in Figure 2.2.

2.1 General Aspects of the Gravity-Load Designed Building

The buildings were designed without consideration for seismic loads, in accordance with code
requirements prescribed in ACI 318-89. Structural elements were designed for a factored load of

1.40 + 1.7L, where a unifonnly distributed live load of 50 psf was used in accordance to ANSI
code (1982) provisions for minimum loads for office buildings.
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(b) Six-Story Frame (c) Nine-Story Frame

Figure 2.2 Elevations of Analyzed Frames
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Beams were treated as continuous T-beams required to resist factored shears and moments at critical

sections only. Since gravity load forces governed over those from wind loads for beams, the

reinforcing profiles of the beams were identical regardless of story level. See Fig. 2.3 for the beam

reinforcing .profile along with the corresponding beam cross-sections at the critical locations. For

the top story, it was assumed, for simplicity, that factored snow loads and roof dead loads were of

the same order as the floor loads.

Columns were also designed to resist the worst case combination of moment and axial load that

occurred from the governing combination offactored wind and gravity loads. Column cross-sections

were redesigned every three story levels. That is, the cross-section was the same for all levels of

the 3-story building, two different sections were used for the 6 story building and three different

sections were used for the 9-story design. Fig. 2.4 shows the general profile of the columns along

with the specific detailing of each cross-section corresponding to the three sets of story levels.

Concrete was assumed to have an unconfined compressive strength of 4000 psi while steel

reinforcement was assumed to have a yield strength of 40000 psi.

2.2 Characteristic Behavior of Gravity-Load-Designed Structures

Some common aspects of reinforcement detailing in gravity-load design are summarized below.

These features contribu te significantly to the vulnerability ofmoment-resisting frames under seismic

loads.

One such feature is the practice of discontinuing bottom flexural reinforcement at the interior joints

and the simple termination of these bottom bars at the exterior joints. ACI code provisions stipulate

that one quarter of the positive flexural reinforcement be extended at least 6 inches into the support.

This practice is more than adequate in cases where gravity load governs due to the support region

of beams being in negative flexure. Also, it is generally adequate when considering wind loads

because for low-rise structures, the combination of unfactored dead load and factored wind load

still may notproduce positive moments in the beams at the supports. Itmust be pointed out, however,

that the code requires adequate anchorage when the member in question is part of a primary lateral

load resisting system (moment resisting frame). However, this provision would not apply or might

be ignored if gravity loads governed or lateral loads were small or ignored completely.
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Figure 2.3 Beam Reinforcement Details
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A second practice is the assumption that beam-column joints behave rigidly and are sufficient in

strength to transfer moments through the joints. The ACI code makes no provision for assuring

joint shear strength in routine designs and also overlooks the problem of minimum joint shear

strength in its provisions for seismic design. Again, the code does include a provision for using a

minimum area of shear reinforcement within the joint for connections that are part of a primary

seismic load resisting system. However, as discussed earlier, this provision would not apply or

may be ignored if gravity loads are of primary concern. A detailed discussion ofjoint shear strength

is presented later. It will be noted here that the omission of transverse hoops within the joint, or

any other type of joint shear steel for that matter, is the common practice in gravity-load designed

structures.

The third issue of concern is the distribution of transverse reinforcement within the members for

the resistance of shear forces. Code provisions require that stirrups be spaced at no more than one

half the effective depth of the member. However, this is not required when the factored shear is

less than one half the shear capacity of the concrete as is often the case in columns where shear

forces, even including wind effects, are small. The code reserves any discussion of minimum

confinement to the section on special provisions for seismic design. In defense of the code, gravity

load failure mechanisms are generally such that due to the redundancy within the frame, plastic

hinge rotations near the supports are generally quite small, and confinement of the compression

block is not likely to be a problem.

An interesting feature of the construction practice is the location of the longitudinal bar splices for

the columns. It was very common, for the ease of construction, to locate these splices just above

the beam near the joint. Under lateral loads, this is the location of the highest moment. Also, the

two bars in the splice are generally in contact with each other, adversely effecting the effectiveness

of the bond between the bar and the surrounding concrete. Further, if the placement of the column

bars is not closely checked, the bend in the overlapping bar could be inward towards the center of

the column, reducing the effective internal moment arm of the cross-section. Nonetheless, albeit

an interesting detailing feature, so long as the splice is fairly confined and the overlap is of sufficient

length, it is not generally a significant problem and is not a feature examined in this study.
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Another characteristic ofthe gravity-Ioad-design philosophy, not specific to detailing, is the intended

failure mechanism associated with this practice. The failure mechanism resulting from a

gravity-overload is generally a series of isolated beam mechanisms, with hinges first forming at the

beam supports and then additional load is distributed to the beam as if it was' simply supported until ~

a midspan hinge occurs forming a complete mechanism. This mechanism is interesting due to the

failure being localized to the overloaded region and does not initiate total structure collapse.

However, when subjected to lateral overloads, the failure mechanism that develops in

gravity-Ioad-designed structures is often a column sidesway mechanism (soft-story) or combination

of mechanisms. These mechanisms are highly undesirable because they do not transmit gravity

loads after the seismic event has passed. For laterally loaded structures, the mechanism most

desirable and often associated with good seismic detailing is the beam-sidesway mechanism.
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SECTION 3

MODELING OF BUILDING FOR INELASTIC ANALYSIS

3.1 Computational Tool: IDARC

The computer program IDARC, Version 2.2, developed by Park et al. (1987) and enhanced by

Kunnath et al. (1991), was used for all the dynamic analyses. IDARC is an inelastic dynamic

analysis program for RC frame-wall structures which attempts to quantify the damage to major

structural elements on a scale from zero to one. Several important capabilities unique to IDARC

are described in brief below.

IDARC Version 2.2 allows direct input of moment-curvature properties which are characteristic of

structural elements in the building. This is in addition to the option of inputting section dimensions

and reinforcement details from which the program generates the moment-curvature properties. This

feature is useful when modeling structures which have been previously damaged or when modeling

existing structures with unknown reinforcing details and moment-curvature properties can only be

estimated. It is also possible to model various failure modes which can not be described by typical

flexural yielding behavior. Two such failure phenomenon which have been modelled in this study

are flexural bar pullout and joint shear failure.

IDARC uses a trilinear moment-curvature backbone envelope to estimate the stiffness, moment

and deformation at any given time step during the analysis. Another important feature ofthe program

is the ability to specify a avriety of hysteretic behavior patterns using certain control parameters,

a, p & y, where a models the stiffness deterioration, pmodels the strength degradation and

y models the pinching, slip or crack-closing behavior. Also, since the hysteretic parameters can

be specified separately for different members, the effect of the level of axial load on hysteretic

behavior as well as the simulation of specific behavior such as flexural bar slip can be modelled

indirectly. Fig. 3.1 shows the moment-curvature backbone curve and Fig. 3.2 illustrates the effect

of each of the hysteretic parameters used in IDARC.

In addition to the above mentioned modeling capabilities, another feature of IDARC is its damage

indexing feature. The use of a damage indicator is extremely useful when comparing the results

of numerous analyses wherein essential parameters such as dissipated energy and ductility demand

are somehow incorporated into the index. The damage model used in this study is the modified

Park model (Kunnath et al., 1990) in which damage is expressed as a combination of deformation

damage and damage resulting from dissipated energy. Additional discussion of the damage model

may be found in Section 4.3.
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Figure 3.1 Trilinear Moment-Curvature Skeleton Curve
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(a) Stiffness Degradation, ex (b) Strength Degradation, ~ (c) Pinching Behavior y

Figure 3.2 Effects of Hysteretic Parameters

The IDARC program is, therfore, utilized in evaluating overall structural performance owing to

changes in the following characteristics of detailing: (1) the effect of continuous positive rein­

forcement, (2) the presence of sufficient joint shear steel, and (3) variations in the level of con­

finement within beams, columns and both.

3.2 Modeling of Discontinuous Positive Reinforcement

A typical practice associated with gravity-load-designed RC structures is the termination of the

bottom steel in beams (positive reinforcement) within the beam-column joint. Upon large lateral

loading, these beams have a tendency of not being able to reach their yield moment because the

bond between the positive reinforcement and,the joint concrete is insufficient to develop the yield

force in the steel. This allows the steel to gradually slip through the joint upon further seismically

induced deformation (displacement loading) until ultimately a "pullout" condition is reached. Fig.

3.3 is an illustration of an interior beam-column joint subjected to discontinuous bar pullout.
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It should be noted that this bar "slip" is very small and usually is difficult to visually detect during

testing of indeterminate frames. Also, it must be remembered that most of the tensile force in the

bar undergoing slip is maintained and that the strength degradation associated with bar slip occurs

during reversed cycling and is due to the bar deformations grinding the concrete that is in contact

with the deformations. The increase in moment after "slip" initiates is provided by the upward

migration of the neutral axis causing a smaller compressive block to resist an essentially constant

tension force, significantly increasing the compressive stresses and strains in this region until

crushing of the extreme fibers occurs. Migration of the neutral axis leads to an increase of the

internal moment arm between the centroid of the compression block and slightly diminished tension

force, thus theoretically allowing additional moment to be resisted despite actual bar force being

slightly reduced. It has been seen that the behavior of a beam experiencing bar pullout is initially

very similar to a beam experiencing flexural yielding, with a significant difference, in that it weakens

rapidly over many loading cycles. The stiffness deterioration, strength degradation and the level

of slip are greatly magnified in discontinuously reinforced beams as a result of the bar deformations

grinding the concrete and substantially reducing the steel-concrete interlock. Eventually, after many

cycles, the capacity of the section reduces to near zero since most of the concrete in contact with

the bar is eroded into powder.

Continuous bar development
length adequate to prevent
pullout.

Bond & bar deformation
shear stresses,

Typical flexural cracks

-==d~~~~I:;:;~~"'-cb,FIl ---~~,,
Cb~l!~=~~tr!:=~--

~ Large crack at joint face due to
bar pullout, restrained by load
redistribution. (exaggerated for clarity)

Void due to bar slip.
(exaggerated for clarity)

. Development length insufficient to
prevent bar slip.

Figure 3.3 Discontinuous Bar Pullout
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The required development length for flexural reinforcement can be estimated by the larger value

obtained from the following ACI-318 equations (Ch. 12.2.2):

[db = 0.0004dJ;,

(3.1)

(3.2)

It is proposed to calculate the equivalent moment capacity of a member prone to bar slip based on

the yield force of the effective area of the tension steel. We can assume that the effective area of

tension steel is equal to the ratio of embedment length to development length multiplied by the

actual steel area. That is:

(3.3)

Subsequently, the "pullout" moment capacity can be calculated using this effective area in the usual

manner. It can be shown that for typical T-beams prone to bar slip in positive bending, the moment

at the initiation of slip is approximately equal to the ratio of the embedment length to the development

length multiplied by the yield moment. That is:

MpuUou, (3.4)

So, in essence, the yield strength of the steel in positive bending is all that needs to be adjusted.

For example, the beam cross-section B-B shown in Fig. 2.3 has a calculated positive moment

capacity of 540 k-in assuming full anchorage of the bottom reinforcement. Actually the

discontinuous bottom reinforcement (2-#6 bars) has an embedment length of 7.5". The necessary

embedment length for full development of yield strength for a #6 bar is taken as the greater of the

lengths calculated from equations 3.1 and 3.2:

[db = 0.04 1t (0.75")240000 = 11.2"
4 --.)4000

[db = 0.0004 (0.75") (40000) = 12.0"
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The corresponding "pullout" capacity is then:

Mpuiloul

7.5" .= 12.0" (540 k -m) = 338 k -in

3.3 Modelling of Joint Shear Capacity

Characteristic of gravity-load-designed RC structures is the lack of transverse reinforcement within

the joint region. It is widely accepted that the longitudinal steel running through the joint is not

efficient at resisting shear and is commonly neglected when computing shear capacity. This lack

of a shear resistance mechanism can lead to non-ductile failures once the concrete's shear capacity

has been exceeded. Even structures designed in accordance with the ACI318-89 seismic provisions

are often insufficient in joint shear capacity. The code provision for continuation of transverse

hoops through the joint is based on minimum joint confinement while the issue of minimum joint

shear capacity is not addressed. Fig. 3.4 illustrates the joint shear failure that occurs when transverse

hoops are insufficient to resist the large shears induced by the transmission of axial forces induced

by the steel and concrete internal couple. Tests on beam-column joint specimens carried out at the

State University of New York at Buffalo (Winters et aI., 1991) support the contention that the ACI

seismic provisions for transverse steel through thejoint are inadequate. A scale model beam-column

joint designed in accordance to ACI seismic provisions was tested under lateral load and joint shear

failure occurred before a flexural mechanism developed. This premature failure indicates that joints

designed solely in accordance to code requirements may be insufficient in shear strength for the

transmission of axial forces into shear forces, thus not pennitting framing members to reach their

yield capacity. So, as is often the case in structural failures, the joint fails in shear, which in essence,

hinges all the members framing into it, forcing lateral load to be redistributed to other portions of

the structure.

As long as some level ofjoint continuity is maintained, either from continuous flexural reinforcement

or transverse hoops, the joint will maintain a high percentage of its strength. Through aggregate

interlock, the concrete should still be able to transfer longitudinal axial forces into the shear forces

through the joint to some degree even without the presence of transverse reinforcement. However,

upon cyclic loading, the joint strength and stiffness will deteriorate at a very rapid rate. Transverse

reinforcement, however, even if inadequate to prevent fonnation of a joint hinge, will certainly

restrain the size of the shearcracks, bettermaintaining the originaljoint shear strength and preventing

such rapid degradation of stiffness.
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Figure 3.4 Joint Shear Failure

To avoid difficult computer modeling of the behavior of a reinforced concrete joint, especially when

inelastic and deteriorating,1 flexural properties of the members framing into the joint can be adjusted

to reflect the capacity of the joint. This is to say that we can reduce the capacity of the flexural

members to reflect the moment in said member that would induce ajoint shear equal to the calculated

joint shear capacity. Figure 3.5a shows a free body diagram of an interior beam-column assemblage

(reproduced from Paulay, 1989) between it's points of contraflexure and Figure 3.5b shows the

equilibrium of an interior column between it's points of contraflexure with the beam moments

resolved into axial components. Simple equilibrium of Fig. 3.5b in the horizontal direction yields:

(3.5)

where:

(3.6)

where: ~ =Internal moment arm of beam

Zc =Internal moment arm of column

1 Work is currently underway at the University of Buffalo to include a joint element in the global
stiffness matrix within the program IDARC.
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Summing moments of Fig. 3.5a and expressing beam shear in terms of an equivalent beam moment

yields:

(3.7)

(3.8)

(3.9)
1 I

2 ~ - Ic(l-~)

Substituting back into Eq. (3.5):

2Mb 2Mb

V
jh = Zb - 1 ( 1 _ ~ )

C I
b

Defining (Vjh)u as the horizontal joint shear capacity and solving for the limiting beam moment to

prohibit joint failure:

(Vjh)u

Similarly, Fig. 3.5d shows a free body diagram of a beam between points of contraflexure with

column moments resolved into axial components. Equilibrium of Fig. 3.5d in the vertical direction

yields:

(3.10)

Again, summing moments of Fig. 3.5d about point 0 and expressing column shear in terms of an

equivalent column moment yields:

(3.11)

and back substituting as before we obtain:

(3.12)
2Mc 2Mc

Vjv=Z ~
c Ibl 1 - J; )

Then, defining (VjJ" as vertical joint shear capacity and solving for the limiting column moment

to prohibit joint failure:

1 1

2 ~ - Ib(l-~)

(3.13)
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Using this procedure of calculating moments to induce'joint shear failure of an interior beam-column

subassemblage, formulations for the equivalent moment to induce joint shear failure can be made

for exterior, interior top floor and exterior top floor (comer) beam-column joints. Figures 3.6, 3.7

and 3.8 show, in respective order, the subassemblage equilibrium and one corresponding shear

diagram of an exterior, interior top floor and exterior top floor beam-column joints. Values for

horizontal and vertical joint shear, as well as the equivalent member end moments required to induce.

joint shear failure (in terms of joint shear capacity) are presented in Table 3.1.

The current ACI Code has no provisions for estimating the effect of axial load and transverse

reinforcement on the shear capacity of beam-column joints. The code merely suggests a limiting

capacity of20~Aj for the joint, independent of axial load and transverse reinforcement ratio. For

the purpose of this study, it was imperative to have an estimate of the shear capacity of an

unreinforced beam-column that included the effect of axial load and level of confinement.

The equation below, developed by ACI Committee 352 (1976), was used to better illustrate the

variation in joint shear strength induced by axial load and level ofconfinement. A slight modification

of the 'Y term was used to increase the joint strength obtained from transverse joint confinement

linearly from 1.0 to 1.4 as the ratio of transverse beam area to joint face area increased from 0 to

1. It should be noted that no adjustment would be made to the ~ term for joints where sufficient

joint steel was present to resist seismically induced shears, (as ACI Committee 352 suggests) because

the purpose of using this equation is to estimate the concrete contribution to the joint shear strength.

Vj = 3.5Jly " r ,( I + 0 ()()~~;J A.ff

where:

(3.14)

~ =1.0 (Type II joints)

'Y = 1.0 - 1.4 (based on transverse confinement)

fe =unconfined compressive strength

Nu =Axial load transmitted through joint

Ag =Gross area of joint resisting gravity load

A eff =effective area of joint corresponding to the direction of the shear force, i.e.

A eff = A ev = b'effleff for vertical joint shear; and A eff = A eh = b'effleff for horizontal joint shear,

where b 'eff =effective joint width perpendicular to direction ofthe shear force and d eff=effective

joint depth parallel to the direction of the shear force
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Figure 3.5 Equilibrium of Interior Beam-Column Subassemblage (Paulay, 1989)

3-9



Mc=o

I

I Mb=O

+-~~:Pb

Vbt

-.:c -+-_.L--

v.

Figure 3.6 Equilibrium of Exterior Beam-Column Subassemblage

____..,...._I1l
Vb

.....L-T ,
I
I

Vc

~~Mc=O

[
II

1
Figure 3.7 Equilibrium of Interior Top Floor Beam-Column SUbassemblage

v. r Lb

IMb=O

Tb+CbRl-
I I2

~\~
b

"T I
Pb(l.l'.) ·-T

b
~----+----

Vc
(RT.)

Vc
~= VVb I

..fIt'>
Tb+Cb- 2

...:l'"'It'>

I
,~~ I

Vc

Mc=O
c

Figure 3.8 Equilibrium of Exterior Top Floor Beam-Column Subassemblage

3-10



Table 3.1 Summary of Induced Joint Shear

Location Moment to Induce Joint Shear Failure•

of Joint Shear 12" Columns IS" columns
joint (Ze "'" 9") (Ze"'" 12")

2Mb 2Mb Mb ~ 9.0(Vjh )u Mb ~ 9.1(Vjh)u
V'h=- -

le( 1Interior J Zb - ~)
Joint Iv

2Me 2Me
Vjv=Z -

Ib( 1
Me ~ 4.7(Vjv>u Me ~ 6.4(Vjv)u

~)e -
Ie

Mb Mb Mb $ 18.0(Vjh)u Mb $ 18. 1(Vjh)u
Vjh = Zb -

le( 1 ~)Exterior -
Joint

Iv

2Me Me
V -- -

Ib( 1
Me ~ 4.6(Vjv )u Me $ 6.2(Vjv)ujv - Z

~)e -
Ie

2Mb Mb Mb $ 8.5(Vjh)u Mb $ 8.5(V}h)u
Interior Vjh = Zb -

lc(1Top Floor - ~)
Joint

Iv

Me Me
V-- -

Ib( 1
Me $ 9.5(Vjv>u Me ~ 12.8(Vjv>ujv - Z

~)e -
Ie

Mb Mb Mb $ 18.0(Vjh )u Mb $ 17.0(Vjh)u
Exterior Vjh = Zb -

21e( 1Top Floor - ~)
Joint Iv

Me Me
V-- -

21b( 1 ~)
Me $ 9.2(VjJu Me ~ 12.4(Vjv )ujv - Z

e -
Ie

*Note: lb = 216", Ie = 144", Zb = 18" h =, e 12" & 15"
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Figure 3.9 illustrates the effective joint dimensions for both vertical and horizontal shear.

Pev = bd (>75% beam confinement)
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Figure 3.9 Determination of Effective Shear Area

An equation for the contribution of transverse steel is presented below though, for the purpose of

this study, a comparison of unreinforcedjoints versus "fully" reinforcedjoints is all that was desired.

That is, the effect in the overall structural behavior from assuring that flexural members reach their

capacity (fully reinforced) as compared to the case in which joint hinging occurs and load

redistribution takes place (unreinforced) was attempted to be modelled. This means that the

influence of the steel need not be quantified because it is assumed, for the purpose of computer

modelling, that the steel provided is such to assure flexural hinging of framing members prior to

joint shear failure. Nonetheless, for the purpose of showing illustrative examples of details with

adequate transverse reinforcement within the joint, the steel contribution must be quantified.

The contribution of steel can be estimated from ACI-318 equations as:

AsFy (sin a +cos a) d
= s

(3.15)

for transverse hoops. Or simply:

Vs = IAsFisina+ cosa)

for longitudinal bars bent diagonally through the joint for shear resistance, where:

(3.16)
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As =Area of steel provided for shear resistance

Fy =Yield strength of steel

a =angle of inclination of shear steel

s =spacing of transverse reinforcement through the joint

d =effective depth of section in direction of shear (see Fig. 3.9)

Two examples of beam-column joints with additional steel provided through the joint to which is

intended to insure "full capacity" are presented in Fig. 3.10 and 3.11 and are subsequently analyzed

for joint capacity.

2 # 5 (top)

12"

#6 BAR (typ)
#3 STIRRUP
(SPA. VARIES)

2 # 6 (bot)

#4 bars @ 2"

fe=4000 pBi
fy=40000 psi

Nu= 0.10 fe
{MpJ.,.om=540 k-in

B (MP).,oem=g70 k-in
(Mp)cOJ =470 k-in

SECTION A...-A SECTION B-B

Figure 3.10 Fully Reinforced Joint Using Transverse Hoops

12"

SECTION D-D

#6 BAR (typ)
#3 STIRRUP

(SPA. VARIES)

2 # 6
2 # 5SECTION c-c

# 4 bars

fc=4000 psi
fy=40000 psi

I...-ft-II =1 Nu= 0.10 fc
(MP~am=565 k-in

D (MP'\"am=1350 k-in
(Mp).ol =470 k-in

Figure 3.11 Fully Reinforced Joint Using Diagonal Longitudinal Bars
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The maximum induced vertical shear that may occur in a joint occurs during the fonnation of a

column sidesway mechanism (see Fig. 3.12) and can be calculated by Eq.(3.8). Using dimensions

and moment capacities shown in Figures 3.10 and 3.11, we obtain:

(V ) = 2(470k . in) _ 2(470k· i~) = 99.5 ki s
JV max 9"· 216"(1 _~) P

.144"

The maximum induced horizontal shear that may occur in a joint occurs during the fonnation of a

beam sidesway mechanism (see Fig. 3.13) and can be calculated by Eq.(3.12). Using dimensions

and moment capacities shown in Fig. 3.10, we obtain:

(V ) = (540k· in + 970k· in) _ (540k· in + 970k . in) = 83 3 ki s
Jh max 16" 144"(1 _~) . P

216"

EWD =0 V*~

IWD = Mp* e
e= ~/I 1
solving,

V = MIll

(M) =470 k-in
p col

11 =63"

V = 7.5 kips

(J'l

11

tiC\]

v

v

~
~ +-__~~;;;;;;---L-~

II
()

....:I

TT7TTTT

Figure 3.12 Column Sidesway Mechanism

Similarly, using dimensions and moment capacities shown in Fig. 3.11, we obtain:

(V ) = (565k· in + 1350k· in)
Jh max 16"

(565k . in + 1350k· in)
144"(1 _~) = 105.6 kips

216"
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M~

12= 102"

~
"<t<.......
II
()

.....:I

~LtlLC)V

1 -102"C

Lb =216" ------.,

EWD = v*~

IWD = (Mp+Mp)*8
9= t¥11

solving.

V = (Mp+Mp)Lb

2*Lcl 1

Fig. 3.10:

M+=540 k-in
p

M-=970 k-in
p

V = 11.1 kips

Fig. 3.11:

M+=565 k-in
p

M-= 1350 k-in
p

V = 13.9 kips

Figure 3.13 Beam Sidesway Mechanism

For these maximum induced shears to be transmitted through the joint, sufficient shear strength

must be present. Joint shear strength can be estimated by adding the contribution of shear strength

provided by the concrete to that provided by the steel.

The concrete contribution can be estimated using Eq. 3.14, and conservatively assuming the column

axial stress, NjAg =0.1 (f'c) =0.4 ksi and no transverse beams (y =1.0):

(VJ
h

= 3.5(1.4)(1.0)"4~gg61 +0.002(400) (9")(10.5") = 39.3 kips

(VJ
v

= 3.5(1.4)(1.0)"4~ggci1 +0.002(400») (9")(16.5") =61.7 kips

The steel contribution can be estimated using Eq. 3.14 and 3.15.

For Fig. 3.10 with transverse hoops through the joint:

3-15



(VS)v = (V
s
\ = (2xO.196 i~2)(40~~i)(SinOO +cosOO).9" = 70.6 kips

For Fig. 3.11 with diagonal longitudinal bars through the joint:

(Vs ) = (V) = (2) (0.441 in2
) (40 ksi) (sin 45° + cos 45°)

v S h

+ (2) (0.441 inz)(40 ksi) (sin (-45°) + cos (-45°» = 50.0 kips

Table 3.2 summarizes the joint shear capacities and joint shear forces acting on the two details and

indicates whether the details are adequate to insure that a flexural mechanism will form prior to a

joint failure mechanism. As indicated in the right hand column of Table 3.2, the joint detail with

transverse hoops (Fig. 3.10) had a calculated shear capacity sufficient to insure the full capacity of

the framing members. Conversely, the joint detail with the diagonal bar arrangement (Fig. 3.11)

had sufficient capacity to allow a column side~way mechanism to form, but was insufficient in

horizontal joint shear strength to insure that the beams reach their full capacity. This deficiency

could lead to the formation of an unfavorable joint shear failure mechanism. However, it should

be pointed out that due to the strong-beam weak-column nature of both details, an undesirable

column-sidesway mechanism would most likely preclude a beam-sidesway mechanism, relieving

the joint of additional shear forces, thus under this simplified model, joint failure probably would

not have taken place.

Table 3.2 Summary of Joint Forces and Capacities of Sample Details

Induced Concrete Steel Joint Joint

Joint Shear Shear Strength Shear Strength Shear Adequacy

Contribution Contribution Capacity

(kips) (kips) (kips) (kips)

Vjh VjV (VJh (Vc)v (V.)h (Vs)v (Vjh)n (VjJn Hor. Vert.

Trans. Hoops

Through Joint

(Fig.3.1O) 83.3 99.5 39.3 61.7 70.6 70.6 111.0 132.3 OK OK

Diagonal

Flexural Bars

(Fig.3.!1) 105.6 99.5 39.3 61.7 50.0 50.0 89.3 111.7 N.G. OK
-
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It should be noted that the shear capacity fonnulas presented are semi-empirical, pertain to idealized

models, and are subject to a limited degree ofexperimental reproducibility. However for the purpose

of this research, in which overall effects of structures with totally unreinforced joints are to be

compared to those with "fully" reinforced joints, the ACI Committee 352 equation for concrete

shear strength (Eq. 3.l3) proves to be a useful estimation.

3.4 Modelling of Confinement

Yet another feature characteristic of gravity-load-designed structures is the omission of transverse

steel in flexural members for the purpose of core concrete confinement. Transverse steel in

gravity-load details is generally designed to resist shear forces. The need for additional hoops for

confinement and ductility is generally not considered, since the philosophy behind

gravity-load-design is to prevent a mechanism from forming and maintain the ability to safely

transmit gravity loads to the ground. Thus under vertical loading, even if beam hinging occurs near

the joint face, hinge rotations will be small due to the flexural stiffness provided from the now

simply supported mid-span region. However, under strong lateral loading, once beam hinging

occurs, beam end rotations of the same direction may be very large since the beam provides no

additional stiffness in the lateral direction. Subsequently, the concrete in the hinge region is subjected

to large strains, and without proper confinement, this concrete may not be able to develop it's full

confined strength without crushing. This crushing of the core concrete is a brittle fracture failure

and is much less tolerable than the slow ductile failure associated with flexural yielding. Hence,

additional steel must be provided for confinement, and subsequently, the need to estimate the effect

of confinement on ductility have become evident.

The effect of transverse steel on ultimate curvatures has generally been estimated using empirical

correlations to volumetric reinforcing ratio, or charts developed from a handful of tests. This would

still prove to be a good representation of the effect of hoop steel, however, more theoretically exact

methods were determined to be preferable for the purpose of this study. For this research, a computer

program (Mander, 1983), employing a fiber model analysis, was used, to capture the effects of

varying the transverse reinforcing ratio on the ultimate curvature. The program divides a specified

cross section into numerous layers of finite depth distinguishing between cover and core concrete

(using unconfined vs. confined properties) and employing equilibrium and strain compatibility

considerations to calculate the moment-curvature relation in an iterative process.
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A comparison of the ultimate curvature obtained from the computer program to that obtained from

accepted hand calculated methods was made, not only to verify the results of the program, but to

serve as a guide to choosing ultimate curvatures for input in the program IDARC. Example 6.2 in

Park and Paulay (1974) was used to serve as a comparison for the ultimate curvatures obtained from

the above-mentioned program and those obtained from an accepted hand calculation method. The

hand calculation method was developed by Park and Paulay and utilizes the familiar ex, y and Z

parameters for obtaining the compressive force in the confined concrete and the internal moment

arm.

Fiber Model Analysis (Mander, 1983):

Park & Paulay (1974):

Therefore, ~u / ~fiber = 0.76

~u = 0.00175 rad/in

~u = 0.00133 rad/in

Numerous levels of confinement were modelled, and it was determined that, for the clarity of this

research, the terms poor, fair and well would be used to indicate the level of confinement. A

condensed summary of the hoop spacing that corresponds with the terms poor, fair and well confined

is as follows:

Poorly confined:

# 3 bars@ 12"

# 3 bars@ 15"

# 3 bars@ 12"

Fairly confined:

# 3 bars@ 8"

.# 3 bars@ 8"

# 3 bars@ 8"

Well confined:

# 3 bars@ 3"

# 3 bars@ 4"

# 3 bars@ 4"

(12" columns)

(15" columns)

(18" T-beams)

(12" columns)

(15" columns)

(18" T-beams)

(12" columns)

(15" columnsr

(18" T-beams)
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3.5 Calibration of Hysteretic Parameters

The hysteretic parameters, a, ~ & 'Y incorporated in the IDARC program to respectively model

stiffness degradation, strength degradation and pinching behavior have been calibrated with

experimental test results. The hysteretic behavior of selected critical members as well as the overall

dynamic response of scaled models of a typical structural system have been used in an attempt to

realistically model these parameters.

3.5.1 Calibration of Hysteretic Parameters for Overall Structural Response

A three-story one-third scale reinforced concrete model was built and dynamically tested at the

University of Buffalo (Bracci et aI., 1992). The 1952 (N 21 E) Taft earthquake scaled to a peak

ground acceleration of 0.20 g was used as the input acceleration for one of the tests. Displacement

time histories were recorded for each story level. The displacement time history of the three story

model was later simulated using the IDARC computer program. All moment-curvature properties

of the one-third scale building were calculated and modelled in the same manner as outlined in the

previous discussions. The hysteretic parameters were adjusted in an attempt to match the

displacement response obtained from the computer simulation to that observed in the experimental

test. As can be seen from Fig. 3.14, the computer simulation proved to be reasonably accurate and

thus the set of hysteretic parameters used was essentially calibrated to yield an accurate dynamic

response.

3.5.2 Calibration of Hysteretic Parameters for Individual Members

The same three story scale model (Bracci et aI., 1992) mentioned earlier was subjected to the 1952

Taft earthquake record at a scaled peak ground acceleration of 0.20 g in one of the earlier tests. The

building was constructed with load cells located in the columns at midheight so axial forces, shears

and moments could be recorded at these locations. Potentiometers were placed in strategic locations

prior to testing to allow the defonnations of specific locations (or cross sections) to be recorded at

intervals of 0.01 seconds. Subsequent to the test, moments and curvatures of various members at

specific cross sections were calculated from the data recorded from the load cells and potentiometers

at the recording interval.
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Again, the program IDARC was used to model and simulate the observed experimental behavior.

As can be seen in Fig. 3.15, the moment-curvature histories obtained from the computer program

reasonably simulate those obtained from the actual test. The identified parameters were used in

the analysis ofexisting nonductile RC buildings. These parameters had to be modified subsequently

for cases where the detailing configurations were enhanced. A discussion of the changes will be

presented in Section 6.
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SECTION 4

EVALUATION METHODOLOGY

4.1 Selection of Ground Motions

Seismic activity in eastern and central United States is not well defined given the relatively smaller

magnitudes and considerably fewer occurrences. However, it should be noted that while the ratio

of peak ground acceleration of maximum credible to maximum expected earthquake is about 5:4

in the western United States (Whitman!), the same ratio could be as high as 6: 1 in the east coast

(for critical facilities). This amounts to saying that the degree of damage from a maximum credible

earthquake in a region oflow seismicity can be much higher than the induced damage of a maximum

credible earthquake in a region of high seismicity.

Several East Coast records were considered (Saguenay, Painsville, Goodnow, etc.), however, these

earthquakes generally have predominant periods between 0.3 and 0.7 seconds. This band of pre­

dominant periods was too narrow for this study, in which buildings with periods ranging from 0.7

to 1.8 seconds were being studied. In an attempt to attain meaningful results from the analysis of

each building using the same input ground motion, accelerograms were selected which had a broad

range of fundamental periods within the amplified region of the response spectra. Four separate

earthquake records were chosen for the evaluation.

It has been suggested that the 1985 Nahanni earthquake, which actually occurred in the Northwest

territories of Canada, may be considered as a typical earthquake in the northeast region ofthe United

States (Papageorgiou, 1987). Inclusion of a typical Eastern North American earthquake within this

research was necessary to verify the assumption that existing non-seismically detailed RC structures

are under a significant risk ofsuffering severe damage from even "typical" earthquakes. This should

not be misinterpreted to say that existing Eastern structures are only in risk from seismic events of

a moderate magnitude, such as the Nahanni earthquake. On the contrary, some seismologists do

contend that earthquakes of significantly higher energy content cannot be ruled out. Hence, it was

decided to include in the evaluations a more significant earthquake with higher energy content.

For this study, the Nahanni earthquake record was scaled to a peak ground acceleration (PGA) of

0.20 g to correspond with the stipulation that this is the level ofthe maximum "credible" earthquake

in many regions of interest in the East. Figure 4.1 shows the Nahanni accelerogram and the response

spectrum corresponding to PGA of 0.20 g.
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Figure 4.1 Time History and Response Spectrum of the 1985 Nahanni Earthquake

The second seismic record considered for evalaution was an artificial earthquake generated to fit

the specifications of the UBC (1988) design spectrum. Since routine seismic design in many regions

is performed with the assistance of the UBC design spectrum or equivalent, it is of interest to

examine levels of story shear and drift obtained with a spectrum-compatible accelerogram. The

artificial earthquake was constructed using the computer program SIMQKE (Gasparini and Van­

marke, 1976) which utilizes input of spectral velocity for various periods to construct a ground

motion time history that would produce such a response spectrum. In contrast to analyses performed
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using the actual earthquake records scaled to 0.20 g, the artificial earthquake was scaled to a PGA

of 0.15 g which would correspond to a maximum spectral acceleration of 0.30 g. Figure 4.2 shows

the artificial earthquake and its spectrum.

The first set of two records would correspond to a "moderate" earthquake, which may very well be

in the order ofmagnitude of the maximum "probable" earthquake in many regions of low to moderate

seismicity.
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Figure 4.2 Time History and Response Spectra for Artificial Earthquake
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As pointed out earlier, it was also the intent ofthis study to evaluate gravity-load designed buildings

under potentially "severe" earthquakes. Results from this latter set of evaluations would also be

useful in zones of moderate to high seismicity, where there still exist a stock of older buildings

without proper seismic detailing. For this purpose, the 1940 El Centro (S 00 E) and the 1952 Taft

(N 21 E) earthquake records were used as typical "severe" earthquakes. Time histories and spectra

of the two records are shown in Figures 4.3 and 4.4 respectively.
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Figure 4.4 Time History and Response Spectrum of the 1952 Taft Earthquake

4.2 Inelastic Time History Analyses

All analyses were performed using the computational tool, IDARC, described earlier in Section

3.1. The duration of the inelastic analysis was selected to be 30 seconds for the analyses performed

using the Nahanni, El Centro and Taft records, while a duration of 20 seconds was used with the

spectrum-compatible earthquake.
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The time step of analysis used for the computer simulations was 0.002 seconds. Since IDARC does

not perform an iterative nonlinear analysis, it was necessary to use a small time step to avoid any

accumulation of unbalanced forces during the response analysis. Comparisons of analyses per­

formed under much smaller time steps showed nearly no difference in response, thus it was

determined that a time step of 0.002 was sufficient for the purposes of this research.

4.3 Damage Modelling

The damage model developed by Park and Ang (1985) has been incorporated into the computer

program IDARC which also using a weighting scheme to compute global damage at story levels

and for the entire structure. The damage index is calibrated between 0.0 and 1.0, with 0.0 meaning

no damage and 1.0 representing total collapse (or failure). The damage index can be separated into

two terms, D j and D2 • The first term, D j , represents the deformation damage which is the ratio of

maximum deformation to ultimate deformation. The second term, D2 represents the damage due

to dissipated hysteretic energy. Total damage is expressed as the linear combination of these damage

components as follows:

D

where:

f dE (4.1)

D =Damage index scaling the structural damage from zero to one

Om = Maximum deformation of structural element of interest

Ou =: Ultimate deformation of element of interest under monotonic loading

Py =Yield strength of member of interest

fdE = dissipated hysteretic energy

~ = rate of strength degradation

Story level damage indices and the damage index for the total structure are determined using a

weighted average of the individual component damage indices, D j as follows:

D (4.2)

where:

Ai = Energy weighting factor

E j =Total energy absorbed by each component
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The damage index used within the program IDARC has been calibrated based on the correlations

made by Anagnostopolous et al. (1989), Park et al.(1985) and Bracci et al.(1989). Based on these

descriptions of degrees of damage of various concrete members, their visual appearance and

usability, a scale of damage indices has been defined and is presented in Table 3.1 for reinforced

concrete beams and columns subjected to cyclic loading.

Table 4.1 Correlation of Damage Indices and Damage States

USABILITY' DEGREE DAMAGE LIMIT APPEARANCE3

OF (SERVICE) STATE

DAMAGE2 STATE DAMAGE

INDEX

(1) (2) (3) (4) (5)

Undamaged UndeformedlUncracked
0.00

Usable Slight Serviceable Moderate cracking
0.20-0.30

Minor to Repairable Spalling of concrete cover
Moderate Severe cracking

0.50-0.60
Temporarily Moderate Irrepairable Buckled bars, exposed core

Unusable to Severe
Collapse > 1.00

Unusable Collapse Loss of shear/axial capacity

, Ace. to Anagnostopoulous et al. (1989)
2 Ace. to Park et al. (1985)
3 Ace. to Bracci (1989)
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SECTION 5

EVALUATION OF NON-SEISMIC DETAILED STRUCTURE

5.1 Interpretation of Results

Each of the 3, 6 and 9 story structures (Section 2) were analyzed using the four separate earthquake

records (Section 4) as input ground motions. The fundamental period and maximum base shear

coefficient, expressed as a fraction of building weight, obtained from the inelastic static analysis

are presented in Table 5.1. Note the relatively high fundamental periods of these buildings which

indicate the high flexibility of these moment resisting frame systems.

Table 5.1 Fundamental Periods and Base Shear Coefficients

Building Fundamental Maximum
Type Period Base Shear

Coefficient

3 Story 0.79 s 0.056

6 Story 1.15 s 0.037

9 Story 1.48 s 0.028

From the results of the analysis, the final state of the all three frames are obtained and shown in

Figures 5.1 - 5.2. Only the results of the response to the Taft earthquake and the spectrum-compatible

record are shown since they represent the typical "moderate" and "severe" seismic events.

It is interesting to note that no uniform mechanism forms in these frames. Damage to the columns

is fairly light for the artificial earthquake and significant damage is primarily found in the beams,

particularly in lower regions of the structure where many of the columns remained elastic or cracked

without yielding. Almost all beams had yielded despite the input ground motion being of a

"moderate" intensity (PGA =0.15 g). This is a result of the low effective capacity of the beams

caused by insufficient bar anchorage and inadequate joint capacity.
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Inspection of the frames subjected to the Taft earthquake reveals that widespread yielding, which

translates into heavy damage, occurred in both columns and beams, with failure or impending

collapse for all three structures, During the Taft ground motion, the 6 story structure formed a

column sidesway mechanism (soft-story) with the columns hinging just above the third floor level

where the transition in column size occurs. The 9 story structure experienced the formation of

several column mechanisms, also during the Taft motion. The same detrimental soft-story effect

occurred in the same location during the analysis of the 6 story frame using the artificial ground

motion, however, the computed drifts and damage do not indicate severe damage.

It was determined that these soft-story effects were attributable to inadequate joint shear strength.

Joint shear failure prevents the columns from resisting any additional moment and in essence forms

a hinge. Results from the analysis have also indicated that much of the damage incurred by the

beams can be attributed to large deformations resulting from the premature hinging of the beams

under positive bending. This loss of beam stiffness helped contribute to the large inter-story drifts

observed in the frame.

The maximum story drifts obtained, expressed as a percent of story height, are presented in Table

5.2.

Table 5.2 Maximum Inter-Story Drifts

Building Artificial Nahanni El Centro Taft
Type Earthquake PGA =0.20 g PGA =0.20 g PGA = 0.20 g

PGA = 0.15 g

3 Story: 0.53% 0.31% 1.16% 3.06%

6 Story: 0.95% 0.51% 2.67% 4.47% '

9 Story: 0.63% 0.61% 1.17% 1.83%

As indicated by Table 5.2, the maximum story drift occurs during the Taft earthquake in the six

story building with a magnitude of 4.47%. This drift took place between the third and fourth story

level as did the 2.67% maximum drift from the analysis performed using the El Centro ground

motion.. This region, just above the third story 'level, is the location of a column size transition and

is where c<?mplete column hinging led to a soft story effect resulting in these high story drifts.
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The maximum drift observed from analyses performed using the two moderate ground motions

was 0.95% also occurring in the six story structure in this apparent weak zone between the third

and fourth story levels. Observations made from complete story drift profiles (Tables C-2 and C-3

in the Appendix) indicate that maximum story drifts were consistently greater than 0.4% during the

artificial earthquake and greater than 0.3% during the Nahanni earthquake.

A complete summary of all story drifts and story shears for analyses of the gravity-load-designed

structures performed using all four earthquakes, can be found in Appendix C under the headings

3REAL, 6REAL and 9REAL.

Figures 5.3 and 5.4 display the computed damage in the beams and columns respectively at each

story level for all four earthquakes used in the study. A weighted average is used to translate

individual member damage to story level damage. These plots easily identify the location and

severity of the damaged members as well as giving a comparative indication of the difference in

damage intensity between a moderate (say Nahanni) and a severe (say Taft) earthquake. A complete

listing of story level damage indices for columns and beams for the gravity-load-designed structures

for all four earthquakes can be found in Appendix B under the headings 3REAL, 6REAL and

9REAL.

As can be seen from Fig. 5.3 and 5.4, high levels of damage were present in both the beams and

columns after the analysis using the severe earthquakes, Taft and EI Centro. For both of these

ground motions, it was seen that the damage observed in virtually every element was in the order

of 0.5 or greater, especially in the lower story levels. The damage observed in all structures as a

result of the severe ground motions corresponds with the damage states of irreparable to collapse

based on the damage correlations previously outlined.
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It is further seen that when the building was subjected to a moderate level earthquake, such as

Nahanni or the artificial earthquake, the buildings suffered significant but not severe damage.

Damage indices in the order of 0.10 - 0.30 were observed in all three structures corresponding to a

damage state of "repairable". Of interest to note is that the beams were slightly more damaged

than the columns, except in the lower story levels of the nine story structure where beam damage

was much greater than column damage. The small column damage in the lower levels of the nine

story structure is a clear result of the high column to beam strength ratio in this region. This tends

to indicate that inadequate positive moment strength and beam ductility is of greater concern than

joint shear strength or column confinement. However, in the upper story levels, where beam and

column strengths are much closer, the similar damage values indicate that the damage contribution

between beam bar pullout, joint shear failure and poor beam or column confinement is not clearly

discernible.

5.2 General Performance of Non-Seismically De~iled Structure

From an overview of the damage plots and the maximum drift for each of the buildings, it is clear

that the non-seismically detailed structure, intended to model typical buildingsconstructed in regions

of low seismicity is inadequate to withstand earthquakes of a large magnitude.

However, the adequacy ofexisting non~seismicallydetailed structures subjected to moderate ground

motions, is less discernable. As can be seen from the damage statistics, these buildings performed

reasonably well when subjected to the ground motions of moderate energy content. The maximum

inter-story drifts observed from analyses performed using these moderate ground motions are within

the maximum allowable drift recommendations of both the UBC and ATC-22 guidelines. Even

though these structures would most likely remain standing if subjected to low to moderate ground

motions, there remains much uncertainty as to the serviceability and repairability of these structures.

Several key points introduced in Section 1 regarding the desirable seismic behavior of multistory

frames must be reiterated at this time. These considerations include:

That the failure mechanism be such to maintain service load capacity

That members fail in a ductile manner and avoid a brittle fracture type

of failure

That ductility capacity in plastic hinge zones be such to withstand

large rotations without the crushing of concrete in the compression zone.

5-8



In view of these considerations, gravity-load-designed structures are vulnerable to damage from

two distinct possibilities: potential joint shear failures; and likely strong-beam weak column effects

leading to soft story collapses. While the effects are obvious in severe earthquakes, it is possible

that earthquakes of moderate intensity can also cause significant damage. The magnitude ofdamage

will depend largely ort the energy content of the earthquake. The evaluations presented here cover

two types of earthquakes: (a) mild to moderate events with minimal energy input, and (b) severe

ground shaking with substantial energy input such as those occurring in active seismic zones. Any

likelihood of a seismic event within this spectrum of records should be a matter of concern for

gravity load designed buildings.

Subsequent sections will introduce detailing strategies for improving the seismic resistance without

resorting to a full seismic design.
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SECTION 6

INTRODUCTION TO SEISMIC DETAILING STRATEGIES

6.1 Alternatives for Enhanced Seismic Resistance

An obvious solution to enhance the perfonnance of structures for seismic resistance is to increase

the size ofthe members within the structure. The idea is to stiffen the beams and columns to decrease

the defonnation of the structure, thus reducing story drifts and ultimately decreasing damage. It

might first be assumed that the added strength associated with the larger members should also reduce

the amount of yielding that members experience. However, this approach has several drawbacks.

By stiffening the structure, the fundamental period is decreased. For structures with periods in

excess of 0.5 seconds, the period shift is most often towards the amplified portion of response

spectra of typical earthquakes. This leads to the structure experiencing larger relative accelerations.

Higher relative accelerations along with the substantial increase in building mass, inherently

obtained when member sizes were increased, will attract more seismic forces and possibly lead to

increased damage potential.

Another approach to enhance seismic performance of RC frames is to provide more strength in

members by increasing the level of reinforcement to that which is necessary to keep the structure

virtually elastic during the expected ground motion. This is difficult to accomplish without

increasing member size. A significant increase in reinforcement ratio, keeping member sizes

constant, will greatly increase member strength while just slightly increasing stiffness. Special

attention must be given to assure that a state of over-reinforcement does not exist which could lead

to a non-ductile crushing of the concrete within a member or at the joint face. It is also obvious

that when members inevitably yield, these highly reinforced members, due to decreased ductility

would have poor rotational capacity. Further, providing additional longitudinal reinforcement

would tend to provide high strength in regions of the structure that do not necessarily require a

strength increase, such as the column midheight region. This approach would lead to a substantial

increase in the building cost.

It is clear that both the above approaches, stiffening the structure or strengthening the members by

added reinforcement, would in general improve seismic perfonnance of most RC frame structures.

It is also clear that both of these approaches do this at a significant added construction expense.
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Since the probability of a severe seismic event is low, the need to resort to a full seismic design is

not justified. Hence, the proposed alternative in this study is to enhance certain detailing

configurations at critical regions which provide the necessary strength and ductility to avoid failure

due to a moderate earthquake.

Two primary objectives are addressed in the second phase of this study:

1) Show how cenain detailing arrangements within members and joints influence the overall

structural behavior of multistory RC frames.

2) Verify certain specific detailing arrangements and quantify how much improvement can be

obtained from the utilization of these detailing enhancements.

3) Estimate how much additional cost would be added and then justify this additional cost in

terms of improved performance and reliability.

Although it appears the improved strategies evaluated herein and their costs apply to new

construction, the mechanical principles that govern the behavior of these details can also be appplied

toward the development of retrofit techniques.

6.2 Illustration of Detailing Strategies

There are three specific detailing features that were chosen to be examined. These features,

introduced in Section 3, are:

1) Effect of providing continuity or sufficient end anchorag~ of positive flexural

reinforcement in beams.

2) Effect of providing transverse reinforcement or diagonal flexural reinforcement within

beam-column joints to ensure joint shear strength.

3) Effect of providing additional transverse reinforcement in plastic hinge zones for

enhanced confinement and rotational capacity.

The background and discussion of code provisions regarding these features is discussed in Section

1. Methods of modeling and discussion of the mechanics pertaining to each of these features is

described in Section 3.
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Fig. 6.1 presents a set of illustrations showing numerous combinations of the detailing features.

These figures represent typical interior beam-column joints containing various arrangements of

reinforcement to represent the features being examined. Figures of exterior and top floor

beam-columns are not provided, however structures were modelled with these joints accordingly

to the mechanics governing the behavior of these details. Since the provision of additional

confinement can be implemented at varying degrees (eg. poor, fair and well confined) and can be

specific to beams only or columns only or both beams and columns, it is important to examine

numerous combinations so to obtain results that clearly depict the effect of each. Fig. 6.2 shows

the typical cross-sections that are consistent for all the details.

Table 6.1 includes the acronyms representing the sixteen detailing combinations studied, denoting

the specific details that were modelled in each analysis. It should be made clear that analyses

performed on the three, six and nine story structures had beam-column joints that contained only

one of the sixteen detailing combinations. The last number in each acronym refers to the level of

confinement provided (4=well confined,_ 8=fairly confined, no number=poorly confined). See

Section 3.4 for further interpretation of confinement levels. Table 6.1 further provides a brief

comment regarding each detail, describing either the purpose behind the detailing arrangement or

what the detail is intended tp represent. The relative effects of the different strategies are compared

to the original gravity-Ioad-designed detail (REAL).

The first four details listed in Table 6.1 are of particular interest. These are the details which

influence member and joint strength and have a significant effect on the dynamic behavior of the

structure. The remaining details are similar versions of the first four details but with varying levelS

of confinement. Although confinement is a very important fe.ature in this detailing study, it has

little effect on member strength and stiffness. The effect of confinement is reflected more in the

ductility capacity which in turn is reflected in the final damage indices. The last four details are

included to examine the effect of providing additional confinement in either the beams or the

columns. Again this effect is with respect to the poorly detailed structure only. Examining the

effect ofconfining beams and columns separately will allow for determining the order of importance

of confining these members and also help in determining what confinement level is adequate for

both members.
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Table 6.1 Description of Detailing Combinations

Detailing Continuous or Sufficient Level of Comments
Acronym Anchored Joint Steel Confinement

Positive Flex. Provided Provided
Reinforcement

.:'.- ; .

REAL NO NO POOR Typical Gravity-Load-Designed Detail

CPR YES NO POOR Effect of Continuing Positive
Flexural Reinforcement

DPR NO YES POOR Effect of Providing Sufficient
Joint Shear Strength

JSP YES YES POOR Both Joint Steel and Continuous Positive
Flexural Reinforcement Provided

RCON4 NO NO WELL Effect of Providing Full Confinement

RCON8 NO NO FAIR Effect of Providing Fair Confinement

CPCON4 YES NO WELL Detail CPR with Full Confinement

CPCON8 YES NO FAIR Detail CPR with Fair Confinement

DCON4 NO YES WELL Detail DPR with Full Confinement

DCON8 NO YES FAIR Detail DPR with Fair Confinement

JCON4 YES YES WELL Detail JSP with Full Confinement

JCON8 YES YES FAIR Detail JSP with Fair Confinement

CCON4 NO NO Columns: Well Effect of Full Column Confinement
Beams: Poor

CCON8 NO NO Columns: Fair Effect of Moderate Column
Confinement

Beams: Poor

BCON4 NO NO Columns: Poor Effect of Full Beam Confinement Only
Beams: Well

BCON8 NO NO Columns: Poor Effect of Moderate Beam Confinement
Beams: Fair
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It should be noted that although the detail JCON4 appears to be the full seismic design from the

point of view of the ACI code, it is included here only to show the effect of providing full joint

shear strength which is required to ensure that the full flexural strength of adjoining members can

be achieved prior to joint failure. As mentioned in Section 3.3, this issue is not appropriately

addressed in current code provisions.
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SECTION 7

EVALUATION OF DETAILING STRATEGIES

7.1 Description of Comparative Study

The presentation of analytical results from this research study is separated in two parts. Section

7.2 will examine results obtained from the evaluation of detailing strategies affecting the strength

of the joint or adjoining members. This includes the provision of sufficient development length for

positive flexural reinforcement and the provision of sufficient joint steel. The effects of these

enhancements will be evaluated primarily on the basis of inter-story drift and overall story damage.

In all cases, the performance of gravity-load designed buildings presented in Section 5 will be used

as a frame of reference with which to compare the different strategies.

Section 7.3 will evaluate the effect of providing additional transverse reinforcement for the purpose

of enhanced confinement. The effect of confinement is limited to providing additional ductility or

rotational capacity to members which in turn helps to reduce relative damage in-beams and columns.

The effects of confinement are thus treated separately to make the task of comparative evaluation

more intelligible.

Typical plots of inter-story drifts, story shears, and damage distribution are included for selected

earthquakes only. The results presented are intended to provide infonnation on the following:

1) To ascertain whether overall building height has significant influence on structural behavior

or whether the change in response between different analyses is governed primarily by the varying

detailing arrangements.

2) To check if specific behavioral characteristics observed in one analysis are consistent with

those obtained in other analyses. This also includes the effect of loading history on the overall

response.
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An overall summary of the average damage index statistics is presented in Section 7.4. Damage

indices for members are averaged and then compared to the benchmark structure (REAL) to give

a quick assessment of the change in overall damage and the level of benefits, if any, derived from

the detailing strategy.

Finally, Section 7.5 will be devoted to the discussion of the merits and drawbacks of each of the

detailing strategies studied. Overall evaluation will be based on both computed damage statistics

and inter-story drift reductions.

7.2 Effect of Detailing Strategies in Joint Region

The primary four detailing schemes used in the joint area have been previously discussed in Section.

6 and presented in Table 6.1. These detailing strategies affect primarily the joint and member

strength. The acronyms used for these schemes are:

1) REAL

2) CPR

3)DPR

4) JSP

Of the four earthquakes used in the simulations, the one that produced the severest damage in most

cases was the Taft accelerogram. Both the Nahanni and the artificially generated record produced

similar results since they both represented minor earthquakes. Given the large database of results

that were generated, only a few typical behavior patterns are selected for final review and study.

All the results to be presented in this Section consist of a typical minor earthquake (Nahanni) and

a typical severe earthquake (Taft).

Figure 7.1 shows the final damaged state of all frames analyzed using the Taft earthquake. The

distribution of component cracking and yielding give a good qualitative view of the effects of the

different detailing configurations on the overall inelastic structural response.
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Story drifts resulting from the Nahanni earthquake and the Taft earthquake are presented in Figures

7.2 and 7.3. The effect of higher modes is noticeable particularly in the 9-story frame. For the Taft

earthquake, only the 6 and 9 story frames are shown since the results of the 3-story frame did not

reveal any distinguishing feature of each detailing scheme. In fact, in most of the runs, the responses

of the three story frame did not show any significant variation or trend to merit detailed discussion.

The responses of the 6 and 9 story frames, on the other hand, showed a clearer pattern of behavior.

Consequently, the remaining results presented in this Section are confined to the 6 and 9 story

frames. It is, however, felt that the conclusions drawn from the results of the six and nine story

frames will also apply to three story frames.

Story shears resulting from the analyses using the two earthquakes are displayed in Figures 7.4 and

7.5. Damage statistics for the same earthquakes for beams and columns at a story level are shown

in Figures 7.6 - 7.9.

Results not shown in figures are tabulated in Appendix B.
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7.2.1 Effect of Continuing Positive Reinforcement in Beams (CPR vs REAL)

The final damaged state of each structure subjected to 0.2 PGA Taft is shown in Figure 7.1. This

display which indicates whether members have cracked, yielded or remained elastic at the end of

the dynamic analysis, failed to reveal any discernible trends in the behavior or any shift of the failure

mechanism as a result of providing continuity to the bottom flexural reinforcement in the beams.

This is because, for both detailing arrangements, a high majority of the members had yielded before

a failure mechanism had developed.

However, Figure 7.2 and Figure 7.3, which display inter-story drifts, illustrate quite clearly the

effect of added beam strength. The drifts are seen to increase indicating a shift in the damage

distribution from beams to columns. This is further evidenced in Figures 7.6 - 7.9 which show the

distribution of damage across story levels. Damage in beams are seen to decrease with a

corresponding increase in column damage. Since the results are more clearly visible in the six and

nine story frames, only th~se are presented as typical responses. It is also noted that this shift in

behavior is more obvious for the moderate earthquakes, whereas the severe motions caused fairly

extensive damage in both the original frame and the modified frame with detail CPR.

It is, therefore, concluded that this detailing arrangement (CPR), if utilized alone, without other

modifications, would likely produce more damage than the original non-seismically detailed

structure.

7.2.2 Effect of Ensuring Joint Shear Capacity (DPR vs REAL)

It was observed that structures containing the two detailing arrangements that dont provide for

adequate joint shear strength form a story mechanism starting at the first story level, not at the base

as one would expect. This is because joint shear failure occurs at the first story level before the

base column section reaches its yield moment, resulting in an undesirable soft story effect. The

base of the 1st story column is monolithic with the foundation and this region was modelled to have

adequate shear strength to develop the moment capacity of this column. Thus, the weakest link

was the shear capacity at the first floor joint and the base region is alleviated of any additional

forces.

It is seen from Figure 7.1 that the provision of joint shear reinforcement clearly results in a change

in failure mechanism from a sporadic combination of beam and column hinging to a more uniform
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beam-sidesway mechanism. This is especially true for the bottom stories of the 6 story frame where

column yielding is restricted to the hinges that normally develop at the base region. This can be

explained by the fact that the provision of joint steel enhances the column strength, restoring the

full yieldstrength while only restoring the negative bending capacity of the beams. In this structural

model (DPR), the positive bending capacity of the beams is still restricted by the discontinuous

bottom reinforcement reaching its pullout capacity. Hence, a weak beam-strong column structure

is created.

The inter-story drifts shown in Figures 7.2 and 7.3 show a definite pattern of reduced drift demands.

While the shears do increase as seen in Figures 7.4 and 7.5, the relative increase compared to the

original configuration is not significant. Plots of column and beam damage (Figures 7.6-7.9) also

confirm the conclusions drawn from the hinging pattern and reduced drift demands.

Summarizing, the provision, of joint steel shifts the failure mechanism to a more favorable

beam-sidesway l1lechanism, preventing excessive deformations, and significantly reducing column

damage. It is seen that providing this detail alone will indeed produce substantial benefits in the

overall structural performance of the building. However, due to the substantial beam damage that

results and the large inter-story drifts that remain, this detail may not be satisfactory for serviceability

criteria for critical facilities.

7.2.3 Effect of Ensuring Full Joint Strength (JSP vs REAL)

As with the previous detail, it is observed from Figure 7.1 that a beam-sidesway mechanism will

again develop as the governing failure mechanism. However, a slight amount of column hinging

is detected in the upper floors in all 3 frames for the analyses performed using the Taft earthquake.

Also, despite the overall damage reductions, it can be seen from the final damage -statistics that

several beams still come close to their critical capacity.

The overall response is similar to the DPR detail, with a few exceptions. Of the four detailing

configurations investigated in this part, the JSP detail experiences the highest story shear forces.

This is the obvious result of the joint steel and bottom bar continuity in the beams assuring that the

full flexural strength of the members is reached before load redistribution. The increase in story

shear experienced by the structure with fulty reinforced joints (JSP) compared to the structure with

no special detailing (REAL) is in the order of 20% for structures subjected to low to moderate

earthquakes and 30% for· those subjected to the moderate to severe earthquakes. The story drifts

for this detail is clearly the smallest, making it the most favorable of the four details studied so far.
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7.3 Effect of Beam and Column Confinement

Results of analyses on the initial four detailing strategies point to the fact that the JSP detail performs

relatively better than th~ others. In this next part of the investigation, the JSP detail is studied further

with additional enhancements by way of increasing confinement effectiveness.

The next set of Figures show the relative effects of confinement on the damage distribution to beams

and columns. Damage statistics for the JSP detail and the REAL detail are also included in each

plot for comparison.

Members were modelled as being poorly confined (say 12-15" hoop spacing), fairly confined (8"

hoop spacing) and well confined (4" hoop spacing).

At this point, it should be noted that transverse reinforcement has almost no effect on member

strength or stiffness. Its primary effect is in enhancing deformation capacity. Thus, the relative

difference in damage distribution among story levels will not change. Analyses of this nature may

be used to determine at what level of confinement does the damage decrease to a tolerable level so

as to indicate that the structure may be serviceable after a seismic event.

Of the twenty-four separate cases involving all the frames, only a few representative results are

shown.
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7.3.1 Effect of Increasing Level of Confinement

In general, for moderate earthquakes, the provision of additional transverse reinforcement in the

columns does not have a substantial influence on the computed damage in the structure. This is

primarily due to the fact that the confinement levels in the original columns were adequate to keep

them within serviceable limit states. The minimal damage (for mild to moderate earthquakes) is a

result of the axial load on the columns enhancing their strength.

Figures 7.10 - 7.13 illustrate the effects of confinement on three and six story frames subject to

moderate seismic motions. Within the relative context of the damage levels, the enhanced

confinement is clearly shown to improve behavior. As explained earlier, the increased confinement

translates directly into additional ductility in the hinge regions, which in tum diminishes the

structural damage.

For structures subjected to EI Centro and Taft ground motions respectively, more pronounced

damage reductions were observed. Modest reductions in beam damage in the order of 5-10% were

observed from the provision of hoops at 8" spacing, while the provision of transverse steel at 4"

spacing resulted in damage reductions in the order of 50%.

The provision of additional transverse steel can be considered more critical for severe earthquakes

in which added ductility capacity is crucial to keep damage within acceptable limits.

7.4 Summary and Comparison of Member Damage

Tables 7.1 and 7.2 summarize the effects of the significant detailing strategies investigated in this

study. These tables present values of average damage for beams and columns. The average member

damage index is compared to that of the benchmark structure to examine the shift in damage and

to ascertain the overall level ofbenefitprovidedfrom employment of theparticular detailing strategy.

Tables are provided for analyses performed using the Artificial Earthquake and the Taft Earthquake

only. It was seen that the Nahanni Earthquake produced similar trends in average damage as the

Artificial Earthquake. The same observation was made between the analyses performed using EI

Centro and Taft ground motions.
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It can be observed that continuing positive beam reinforcement (case CPR) reduces the damage in

the beams by 20% to as much as 60%, but increases the damage in the columns by far greater

percentages. This detail, if adopted, should be complemented by joint steel reinforcement and

enhanced confinement that reduces both beam and column damage. This was achieved in the detail

JCON4.

From examination of all the results presented in this section, it is obvious that the frame utilizing

the JCON4 detail provided the best seismic performance in terms of drift limitation, and damage

reduction. The only question is whether the lower story columns, other than at the base of the first

story, require such a tight spacing of transverse reinforcement. Since the columns in the lower story

levels possess much greater flexural capacity than the corresponding beams, it appears unlikely that

these columns will yield, thus never utilizing the additional ductility provided by the additional

hoops. However, to prevent the remote possibility of longitudinal bars buckling and brittle crushing

ofpoorly confined core concrete, a reasonable level of transverse reinforcement should be provided.

As will be seen in the next section, the added cost of providing the additional steel is small in

comparison to the added assurance against non-ductile failure.
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Table 7.1 Average Beam and Column Damage Indices For Frames Subjected
to Artificial Earthquake (PGA =O.15g)

Detailing Average Beam Percent Change Average Column Percent Change
Strategy Damage Index in Damage Damage Index in Damage

3REAL 0.11 - 0.07 -
3CPR 0.08 -22% 0.09 33%
3DPR 0.07 -34% 0.03 -62%

3JSP 0.02 -84% 0.03 -57%
3RCON4 0.64 -63% 0.03 -57%

3RCON8 0.09 -16% 0.05 -33%
3CPCON4 0.03 -75% 0.02 -71%

3CPCON8 0.07 -31 % 0.03 -52%
3DCON4 0.03 -72% 0.01 -81%
3DCON8 0.06 -44% . 0.02 -67%

3JCON4 0.01 -91% .0.01 -81%
3JCON8 0.02 -84% 0.02 -67%

6REAL 0.22 - 0.13 -
6CPR 0.09 -59% 0.20 55%
6DPR 0.27 25% 0.04 -73%

6JSP 0.05 -78% 0.04 -71%
6RCON4 0.10 -53% 0.07 -49%

6RCON8 0.21 -1% 0.09 -29%
6CPCON4 0.04 -84% 0.04 -71%

6CPCON8 0.08 -64% 0.06 -53%
6DCON4 0.10 -53% 0.02 -86%

6DCON8 0.22 0% 0.03 -79%
6JCON4 0.02 -91% 0.02 -83%
6JCON8 0.04 -81% 0.03 -79%

9REAL 0.21 - 0.05 -
9CPR 0.13 -39% 0.20 267%

9DPR 0.22 6% 0.03 -44%
9JSP 0.12 -43% 0.03 -35%

9RCON4 0.09 -55% 0.03 -50%

9RCON8 0.20 -3% 0.04 -25%
9CPCON4 0.07 -65% 0.10 83%

9CPCON8 0.16 -24% 0.15 175%
9DCON4 0.09 -56% 0.02 -71%

9DCON8 0.18 -13% 0.02 -58%
9JCON4 0.07 -64% 0.02 -71%
9JCON8 0.16 -24% 0.03 -52%
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Table 7.2 Average Beam and Column Damage Indices For Frames Subjected
to Taft Earthquake (PGA = O.20g)

Detailing Average Beam Percent Change Average Column Percent Change

Strategy Damage Index in Damage Damage Index in Damage

3REAL 0.45 - 0.57 -
3CPR 0.39 -13% 0.69 22%

3DPR 0.49 9% 0.30 -47%

3JSP 0.17 -63% 0.23 -59%

3RCON4 0.24 -47% 0.43 -24%

3RCON8 0.51 13% 0.45 -21%

3CPCON4 0.30 -33% 0.46 -19%

3CPCON8 0.31 -31% 0.63 12%

3DCON4 0.25 -44% 0.12 -78%

3DCON8 0.47 5% 0.21 -64%

3JCON4 0.07 -84% 0.10 -82%

3JCON8 0.14 -68% 0.16 -72%

6REAL 0.43 - 0.57 -
6CPR 0.25 -43% 0.68 19%

6DPR 0.62 44% 0.23 -60%

6JSP 0.26 -40% 0.14 -75%

6RCON4 0.18 -59% 0.27 -53%

6RCON8 0.37 -16% 0.37 -36%

6CPCON4 0.10 -77% 0.40 -30%

6CPCON8 0.21 -51 % 0.54 -5%

6DCON4 0.34 -22% 0.08 -86%

6DCON8 0.66 53% 0.10 -82%

6JCON4 0.20 -54% 0.12 -80%

6JCON8 0.40 -9% 0.14 -76%
,

9REAL 0.58 - 0.69 -
9CPR 0.22 -63% 0.74 8%

9DPR 0.60 4% 0.07 -90%

9JSP 0.37 -36% 0.07 -91%

9RCON4 0.26 -55% 0.47 -32%

9RCON8 0.52 -11% 0.56 -20%

9CPCON4 0.10 -83% 0.37 -46%

9CPCON8 0.18 -69% 0.41 -41%

9DCON4 0.25 -57% 0.04 -95%

9OCON8 0.53 -10% 0.06 -92%

9JCON4 0.15 -73% 0.03 -95%

9JCON8 0.33 -44% 0.04 -94%
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SECTION 8

COSTS & CONSEQUENCES

OF IMPROVED DETAILING IN NEW CONSTRUCTION

Building owners and consulting engineers are generally most concerned about the cost of

implementation, in addition to other factors such as feasibility, possible delay in construction time,

and product or system availability. Most often, benefits of seismic resistance systems are put in

tenns of inter-story drift reduction, damage index reduction or decreased story shears. While this

is necessary to illustrate behavioral enhancements of system implementation, design engineers,

especially those outside the mandate of rigorous seismic codes, are afraid to investigate the possible

utilization of these solutions from a cost point of view. Since this study concerns buildings that

dont necessarily require seismic perfonnance adequacy, it was decided to investigate costs

associated with the suggested detailing alternatives, so as to evaluate the feasibility of such schemes.

Table 8.1 is a summary of the estimated total reinforcement and concrete required and

associated material and placement costs involved of the sixteen detailing arrangements examined

in this study as they would be implemented in the six story model. Comparisons of the added costs

for the detailing strategies are made to the basic gravity-load-designed structure for total structural

cost (excluding footing and excavation). Only the six story building was evaluated for cost

considerations as a representative sample. The same trends would be obvious for the other buildings

as well. Material and construction costs were estimated from data obtained from regional contractors

and fabricators. Since the unit price data obtained was only pertinent to estimating concrete and

reinforcement material and placement costs, comparisons made to total building cost were estimated

by simple rule of thumb approximations of the ratio of total structural cost (excluding nonstructural

walls) to total building cost. Calculation of concrete placement costs including fonnwork were

based on the following unit price scale.

Slabs & Beams:

Structural Walls:

Columns:

$200/yd3

$250/yd3

$300/yd3

Calculations of reinforcement material and placement costs were estimated based on a basic unit

price of $0.60 per pound for easy-to-place typical structural detailing such as that in

gravity-load-designed buildings.
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Table 8.1 Summary of Estimated Material and Placement Costs For 6-Story Building

Detailing Total Concrete Total Approx. Reinforcement Percent Percent

Designation Concrete Cost Reinforcement Unit Cost Change Change From

(yd3
) ($) (lb.) Price ($) FromGLD Total Bldg.

($/lb.) Structural Cost

Cost

(1) (2) (3) (4) (5) (6) (7) (8)

6REAL 490 135,000 88,900 0.60 53,400 - -
6CPR 490 135,000 89,500 0.60 53,700 0.2% 0%

6DPR 490 135,000 91,200 0.75 68,500 8.0% 1%

6JSP 490 135,000 91,800 0.75 68,900 8.2% 1%

6RCON4 490 135,000 93,300 0.80 74,700 11.3% 1.5%

6RCON8 490 135,000 91,500 0.75 68,700 8.1% 1%

6CPCON4 490 135,000 93,900 0.80 75,100 11.5% 1.5%

6CPCON8 490 . 135,000 92,100 0.75 69,100 8.3% 1%

6DCON4 490 135,000 95,600 0.95 90,800 19.9% 2.5%

6DCON8 490 135,000 93,800 0.90 84,500 16.5% 2%

6JCON4 490 135,000 96,200 0.95 91,400 20.2% 2.5%

6JCON8 490 135,000 94,400 0.90 85,000 16.8% 2%

6CCON4 490 135,000 93,300 0.80 74,700 11.3% 1.5%

6CCON8 490 135,000 91,500 0.75 68,700 8.1% 1%

6BCON4 490 135,000 93,300 0.80 74,700 11.3% 1.5%

6BCON8 490 135,000 91,500 0.80 68,700 8.1% 1%

However, due to the labor intensive nature of providing a tight configuration of reinforcement,

contractors are likely to not be satisfied with proportionally applying their nonnal unit price for

typical reinforcement placement to this additional reinforcement. Thus, the basic unit price was

adjusted to reflect this disproportional labor required and the con§truction difficulties that are

inherent in the revised detailing configurations. Added to the basic unit price of $0.60/lb. was

$0. 15/lb. for providing a medium level of hoop spacing (fairly confined) or $0.20/lb. for requiring

a very tight spacing of hoops (well confined). Also, providing the required joint shear steel was

estimated to increase the basic unit price by $0.15/lb. due to the added construction difficulty

involved in tying transverse hoops within the joint region. It was assumed that no adjustment in

the unit price would be made for the required bar splices needed to provide continuity of the bottom

steel through the joint, other than the basic cost of the additional steel required from overlapping

these bars in the low moment regions of the beam instead of termination within the interior joints.
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These additional unit costs were intended to be rather conservative so as not to underestimate

the placement problems that would inevitably arise from the high concentration of reinforcement

in the joint region, especially for structures with more complicated framing arrangements.

The study indicates that no significant cost increase will result from implementing such

changes. The maximum increase in steel cost alone from the lightly reinforced base detail (6REAL)

to the most concentrated detailing arrangement (6JSP) is a mere 8% (not tabulated). However, due

to the differing unit costs assumed, when comparing these two detailing strategies in terms of total

structural cost, the increase appears to be much more significant at just over 20%. But, one must

remember that the structural cost is a small portion of the actual building cost. Column (8) in Table

2 is a very rough estimate of the increase in total building cost due to implementation of the various

detailing arrangements. It was roughly approximated that for simple RIC frames, the structural cost

was anywhere from 8%-15% of the total building costs depending on it's intended usage.

Conservatively, values in this table were computed using the higher end of this approximation and

rounded to the nearest half percent. Hence we see from the table that the maximum increase in

total building cost from utilizing any of the detailing arrangements is conservatively estimated at

2.5%.

Given the small additional cost to the structural portion of the building cost for a newly

constructed building, the utilization of the best detailing arrangement should be considered as the

minimum provision in newly designed RIC frames for seismic protection.
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SECTION 9

CONCLUDING REMARKS

9.1 Existing GLD Structures

The first phaseof this research was concerned with the performance of gravity load designed (OLD)

RC structures under the action of seismic loads. In summary, the evaluation considered two types

of earthquakes: one pair representing a design or typical earthquake of low to moderate energy

content; and the other pair of records representing a maximum credible event with higher energy

content. An overview of the damage plots (Section 5) and computed maximum story drift for each

of the buildings indicate that:

- the buildings will perform satisfactorily when subject to a moderate earthquake with low

energy content, though some degree of repairable damage may be inflicted throughout the structure.

- the buildings are susceptible to severe damage if subject to an intense ground-shaking at

peak ground accelerations within the design spectra but with an energy content comparable to typical

west coast earthquakes.

Some of the main problems associated with the performance ofOLD structures are described below.

1) Most of the damage at the top and bottom of columns was generated by the failure of the

joint panel. The cyclic load reversals in the joint severely weaken its limited shear capacity

due to the grinding away of the concrete at the shear crack plane.

2) Beams suffered moderate damage in general. Those beams that suffered large damage did

so due to inadequate rotational capacity. Lack of rotational capacity is due to inadequate

anchorage of positive reinforcement and concrete confinement.

3) The failure mechanisms, in general, are a random combination ofyielded columns and beams

with column sidesway mechanisms developing at the lower levels (soft story mechanisms).

These column mechanisms developed as a result of horizontal joint shear failures that

prevented the column from reaching their full capacity. Such non-ductile failures, more

likely during a severe earthquake, can lead to sudden or progressive collapse'of the structure.
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4) Interstory drifts in excess of 2.0% were observed in structures subjected to severe ground

motions. In most cases, the drifts observed in the GLD structure were well in excess of the

code prescribed limits.

It should be noted that in the above study, being a two-dimensional frame analysis, the full

three-dimensional influence of the slabs was not able to be included, despite the stiffness and strength

contributions of the slab being included in the beam elements. It is expected that additional slab

contribution would further accentuate the column sidesway mechanism that developed. Therefore,

the conclusions presented above would not be contradicted ifa more rigorous three-dimensional

analysis was performed.

Seismic design in general will require that: (1) the failure mechanism be such to maintain service

load capacity; (2) members fail in a ductile manner and avoid a brittle fracture type of failure; (3)

ductility capacity in plastic hinge zones be such as to withstand large rotations without the crushing

of concrete in the compression zone.

It is unlikely that a gravity-load designed building will meet the above criteria if subject to a

maximum credible event. However, given the expected return period and probability of

occurrence of such an earthquake, it may not be economically viable to upgrade existing RC

buildings unless they are critical to maintain essential services to the community following such

an event.

Finally, it must be pointed out that site characteristics were not explicitly considered in the

evaluations. In this case, two separate issues may also need to be addressed: (1) if the building

is located on soft soil, the spectral characteristics of the earthquake will be vastly different with

higher amplitudes in the longer period ranges, resulting in a different damage scenario; (2) the

proximity of the building to other tall structures may dictate special requirements since otherwise

acceptable drifts of 0.5-1.0% may still lead to problems of pounding with adjacent structures.

9.2 Enhanced Detailing for New Construction and

Principles of Seismic Retrofit

The detailing strategies investigated in this concluding phase of the study was directed at simple

enhancements in rebar details at hinge locations and beam-column joints without resorting to a full
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seismic design. Similar detailing improvements, in a qualitative sense, can be achieved by retrofit

techniques applied to reinforced concrete members and joints such as jacketing. The following

observations were made:

1) The provision of continuity of bottom bars of the beams significantly reduced the beam

damage by reducing the amount of hinge rotation. However, this transferred the majority

of the damage to the columns. The restoration of beam capacity resulted in even a greater

number of joint failures. This obviously magnified the soft story effect of the structures.

Due to the non-ductile failure mechanism that remained, it was evident that the provision

ofbottom bar continuity alone would be detrimental to the structural peiformance.

2) The provision of transverse steel to restore joint shear capacity had a tendency of shifting

the damage from the columns into the beams. Since joint shear failure was eliminated, the

failure mechanism transferred into a favorable beam-sidesway mechanism. However, due

to the significant undercapacity of the beams, story drifts were still at an unfavorable level.

3) The provision ofadditional confinement in the plastic hinge regions ofmembers provided

just a limited benefit by itself. Since the confinement does not appreciably affect the

defonnation demand of the structure, the non-ductile failure mechanism remained, as well

as the large drifts and member rotations. The confinement did provide appreciable benefits

in that member rotational capacity was significantly enhanced by the additional hoops.

4) The combination of the three detailing strategies proved to yield the best benefits. By

restoring both beam and joint capacities, overall structure behavior was more unifonn and

story drifts were reduced to nearly those stipulated by building codes. A beam-sidesway

mechanism will fonn under this detailing arrangement and since rotational capacities are

much higher (compared to those in the GLD structure), member damages are drastically

decreased.

Since the additional cost to the structural portion of the building resulting from the use of detail

JCON4 is around 2.5% for a newly constructed building, the utilization of the best detailing

arrangement (JCON4) should be considered as the minimum provision in newly designed RIC

frames for seismic protection. These strategies can also serve as the qualitative basis for development

of retrofit techniques of existing structures. Such techniques must deal with the following issues

simultaneously: improvement of continuity of positive reinforcement (or a proper anchorage);

strengthening of beam-column joints; and incr.easing the confinement in the new critical sections.
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9.3 Recommendations for Newly Designed Structures

Although gravity-load-designed methods can still be used in low to moderate seismicity regions,

the detailing of reinforcement must follow rational guidelines. The following recommendations

can be made based on the analysis and observations obtained from this research:

1) A portion of the positive flexural reinforcement should remain continuous through the joint.

Providing full yield strength in the beam is not a problem in lower story levels where column

strengths are enhanced from large axial loads. To avoid a possible strong beam condition

in upper floors, it is suggested that an increased number of smaller diameter flexural bars,

as opposed to a small number of large bars, should be used for bottom reinforcement in the

beam with some (say one-half) of them being continuous. For example, the 2-#6 bars (As

=0.88 in2
) used for bottom bars near the joint in the original frame examined in this study,

could be easily replaced with 2-#4 bars and 2-#5 bars (As = 1.00 in2
) and either pair of bars

could be left continuous as required by the strength of the column they frame into. This

would only be required in upper story levels to assure the weak beam-strong column system

remained. It is pointed out that continuity of all bars may be detrimental. A capacity check

of adjoining beams and columns must be required for low rise buildings or upper stories in

high rise buildings.

2) The transverse reinforcement in the joint should be such maintain joint integrity and assure

framing members may develop their full flexural capacity. Such reinforcement can be a

natural continuation of column hoops or some transverse diagonal bars from the beams.

3) At present, the ACI-318 code specifies the volumetric ratio of the transverse reinforcement

through the joint CACI 21.4.4) as minimum which is based on the joint confinement required

and not the necessary transmission of joint shear forces. Further, code estimations of joint

shear strength are only a function of concrete strength and effective joint area (ACI 21.6.3).

The provisions are independent of axial load and level of transverse or longitudinal

reinforcement. Should designers be faced with the problem of having a trial design in which

joint shear forces are larger than the code calculated capacity, their only option, according

to the code, is to increase the joint size. The code does not address the option of increasing

the shear steel volume.

Common design practice is to assume that the required joint shear strength is equal to the

maximum shear force occurring in any member at the joint face. However, this is generally

not adequate, since for lateral loading, the actual shear transmitted through the joint by the
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longitudinal reinforcement is usually much greater. Instead, the actual shear force acting

on the joint from the transfer axial forces through the joint should be determined. This could

be done, by assuming the maximum shear force on the joint is that which would correspond

to the flexural yielding of the members framing into it.

4) Additional transverse reinforcement should be provided in all potential plastic hinge regions

to assure that the large strains associated with plastic rotations may develop without crushing

of the concrete core.
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·APPENDIX A

MEMBER SECTION PROPERTIES

General Notes Pertaining to All Tables:

1. All units are in kips and inches unless otherwise noted.
2. Column types and beam types are designated using the following notation:

E - exterior
I - interior
C - column
B - beam
1st number - story number starting from top floor
2nd number - spacing of transverse reinforcement
(top) - indicates that properties correspond to top of column only
(bot) - indicates that properties correspond to bottom of column only

Figure A-I further illustrates the location of all the column and beam types.

3. Exterior beams refer to the exterior section of the outside beam.

4. Interior beams refer to both ends of interior beams as well as interior ends of exterior beams.

5. Unless noted, it is assumed that the properties at the top of a column are the same as those
at the bottom of acolumn.

6. EIo represents the initial composite stiffness of a member.
7. The post-yield stiffness (EI3) of members has been expressed as a percent of the initial

composite stiffness of the member.

8. Values represent properties calculated based on the cross-sections and material properties
outlined in Sections 2.

Notes Specific to Individual Table(s):

Table A-I Exterior Column Properties with Sufficient Joint Steel Provided
Table A-2 Interior Column Properties with Sufficient Joint Steel Provided

1. Tables give section properties of exterior and interior columns assuming that the
corresponding joints in which they frame are sufficiently reinforced to allow full transfer
of the shearforces induced by the transfer ofcolumn moments.

Table A-3 Exterior Column Properiies Reduced to Reflect Joint Capacity
Table A-4 Interior Column Properties Reduced to Reflect Joint Capacity

1. Tables give section properties ofexterior and interior columns that have been adjusted to
model the behavior corresponding to an unreinforced beam-column joint. That is, the
moment capacities have been adjusted, if necessary, to correspond to the column moment
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that would cause the unreinforced joint to fail in shear prior to the column reaching its full
yield capacity. Obviously, ifthe joint has sufficient strength to transfer thefull yield moment,
then no adjustment is necessary. Yield curvatures and ultimate curvatures ofmembers have
also been adjusted to maintain the proper cracked stiffness as well as to model the reduction
in ductility to some extent. See Section 3 for the development of this joint shear failure
model.

2. Post cracking stiffness has been adjusted to assure that the cracked curvature and yield
curvature are not too close as to cause program instability during dynamic analysis. If
cracked curvature is too close to the value of yield curvature, the analysis could go from
elastic to post-yield in one time step, leading occasionally to large unbalancedforces. The
adjustment is superficial and does not affect member capacities or ductilities.

3. Special attention has been given to the top floors and the bottom floors to ensure accurate
modelling. It is justly assumed that the bottom ofthe first story column need not be adjusted
for joint shearfailure since it is typicallyframedinto thefoundation. The "N/A" that appears
in columns (6) and (7) for the bottom of the 1st floor column (9) indicates that the shear
strength of this ''joint'' does not influence the capacity of this column and is not applicable
for this table.

4. Referring to columns (4) and (5) in the tables, b' and d' respectively, represent the effective
width and depth of the beam-column in shear. See Fig. 3.9 for illustration of these
dimensions.

5. Referring to column (6), Vjv represents the vertical shear capacity ofthe beam-column joint.
See Section 3 for discussion on joint shear strength.

6. Referring to column (7), Mj represents the corresponding moment in the column that would
induce the failure of the beam-column joint in shear. If lower than the calculated yield
capacity of the column (My) this value of equivalent moment to induce joint shear failure
(M) is used in place ofthe yield moment. See Section 3 for development ofthese equivalent
moment capacities.

Table A-5 Beam Properties With Sufficient Joint Steel and Development Length Provided

1. This Table gives section properties of exterior and interior beam assuming that the
correspondingjoints in which theyframe jointare sufficiently reinforced to allowfull transfer
of the shear forces induced by the transfer ofbeam moments. Values in this table are also
based on the assumption that proper development length exists to ensure that "pullout" does
not occur.

2. Values are provided for one exterior beam and one interior beam for various levels of
confinement (hoop spacing). This is simply because if the conditions in note 1 regarding
sufficient joint strength are met, all the exterior beams will have the same properties
regardless of story level. The same is true for all interior beams.
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Table A-6 Beam Properties Reduced to Reflect Discontinuous Positive Reinforcement

1. This Table gives section properties ofexterior and interior beams that have been adjusted
to correspond to the behavior that would be a result ofinadequate development length. The
existing embedment length and the required development length are shown in columns (3)
and (4). The yield moment in column (7) has been adjusted to correspond with the moment
that would correspond to bar ''pullout''. The cracking moment has also been adjusted to
ensure a trilinear moment curvature diagram as required by the dynamic analysis program.
Curvatures have been similarly adjusted to assure proper stiffness and ductility that result
from this type offailure.

2. Values are providedfor positive bending since this phenomenon does not occur in negative
bending due to the continuity of the top reinforcing steel.

3. Beams at only two story levels have been included in the table because beams framing into
12" columns (top 3 floors) have the same properties regardless of story level. The same
holds true for beams framing into 15" columns (stories supporting 3 or more floors).

4. Interior and exterior beams have essentially the same positive flexural properties as can be
seen from the table.

Table A-7 Exterior Beam Properties Reduced to Reflect Joint Capacity
Table A-8 Interior Beam 'Properties Reduced to Reflect Joint Capacity

1. Tables give section properties of exterior and interior beams that have been adjusted to
model the behavior corresponding to an unreinforced beam-column joint. That is, the
moment capacities have been adjusted, ifnecessary, to correspond to the beam moment that
would cause the unreinforced joint to fail in shear prior to the beam reaching its full yield
capacity. Obviously, if the joint has sufficient strength to transfer the full yield moment,
then no adjustment is necessary. Yield curvatures and ultimate curvatures ofmembers have
also been adjusted to maintain the proper cracked stiffness as well as to model the reduction
in ductility to some extent. See Section 3 for the development of this joint shear failure
model.

2. Values ofthe effective dimensions of the joint in horizontal shear have not been tabulated,
however they can be easily obtainedfrom Fig. 3.9.

3. Referring to column (2), Vjh represents the horizontal shear capacity of the beam-column
joint. See Section 3 for discussion onjoint shear strength.

4. Column (3): Mj represents the corresponding moment in the column that would induce the
failure ofthe beam-column joint in shear, If lower than the calculated yield capacity ofthe
column (My) this value of equivalent moment to induce joint shear failure (M) is used in
place of the yield moment. See Section 3 for development of these equivalent moment
capacities.

A-3



Ec;.:~

EC.4

Ec.5

A~ E ?
u !..J 'f--s'"o ",-,,,",,-- u.

:rc...l<e:>-r)--; K: a~1 1-"'--1

~Or~=q1f .. OS'lt~

r:r.~O'II~'~Jk·· ·..,1
, ~

cr-< ~us~c:.4 j e.ss;

01~91n. "'I} Cr
0'1 K~ -cAm "'f! [}

, I

'I:c., -( ~n& I:B&;
~,

f

~e-< frI:&\ EM;I.
, I, i

:I.c:.\.....P)/

rc."l"o'" '") ~
12 zi~ ~ r< ~ "

(a) 3 Story Frames

S y 1'<\.

(b) 6 Story Frames (c) 9 Story Frames

Figure A-I Member Designation

A-4



Table A-I Exterior Column Properties with Sufficient Joint Steel

COLUM SIZE LONG. HOOP AXIAL EIo Mer My PHIy PHIu EI3/EIo EAIL GA
TYPE REINF. SPA. LOAD (x 1(}A6) (x 10"-3) (x 10"-3) (x 10"6)

(in) (kips) (k-in"2) (k-in) (k-in) (1/in) (I lin) (%) (kim) (k)

(I) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

ECI_3 12xl2 4# 6 #3@3" 28 7.2 258 485 0.117 18.0 0.20 3915 0.186
ECI_4 12x12 4#6 #3@4" 28 7.2 258 485 0.117 14.0 0.20 3915 0.182
ECI_6 12x12 4#6 #3@6" 28 7.2 258 485 0.117 8.5 0.20 3915 0.178
ECl_8 12x12 4#6 #3@8" 28 7.2 258 485 0.117 7.6 0.20 3915 0.175
ECl_12 12x12 4#6 #3@ 12 28 7.2 258 485 0.117 7.0 0.20 3915 0.173

EC2_3 12x12 4#6 #3@3" 56 7.2 316 618 0.152 10.0 0.20 3915 0.186
EC2 4 12x12 4#6 #3@4" 56 7.2 316 618 0.152 8.0 0.20 3915 0.182
EC2=6 12xl2 4#6 #3@6" 56 7.2 316 618 0.152 5.8 0.20 3915 0.178
EC2_8 12xl2 4#6 #3@ 8" 56 7.2 316 618 0.152 5.3 0.20 3915 0.175
EC2_12 12xl2 4#6 #3@ 12 56 7.2 316 618 0.152 4.6 0.20 3915 0.173

EC3_3 12xl2 4#6 #3@3" 83 7.2 373 730 0.176 8.4 0.20 3915 0.186
EC3 4 12xl2 4#6 #3@4" 83 7.2 373 730 0.176 7.0 0.20 3915 0.182
EC3-6 12x12 4#6 #3@6" 83 7.2 373 730 0.176 5.6 0.20 3915 0.178
EC3=8 12xl2 4#6 #3@ 8" 83 7.2 373 730 0.176 4.8 0.20 3915 0.175
EC3_12 12xl2 4#6 1/3@ 12 83 7.2 373 730 0.176 4.0 0.20 3915 0.173

EC44 15x15 4#8 #3@ 4" III 18.0 700 1430 0.140 5.1 0.27 6186 0.269
EC4=6 15xl5 4#8 113@6" III 18.0 700 1430 0.140 4.1 0.27 6186 0.263
EC4 8 15xl5 4#8 '#3@ 8" III 18.0 700 1430 0.140 3.8 0.27 6186 0.260
EC4=12 15xl5 4#8 #3@ 12 III 18.0 700 1430 0.140 3.6 0.27 6186 0.257
EC4_15 15xl5 4#8 #3@ 15 III 18.0 700 1430 0.140 2.8 0.27 6186 0.256

EC5 4 15x15 4#8 #3@4" 139 18.0 776 1575 0.154 4.9 0.27 6186 0.269
EC5=6 15xl5 4#8 #3@6" 139 18.0 776 1575 0.154 3.9 0.27 6186 0.263
EC5_8 15xl5 4#8 1/3@8" 139 18.0 776 1575 0.154 3.5 0.27 6186 0.260
EC5 12 15x15 4#8 #3@ 12 139 18.0 776 1575 0.154 3.1 0.27 6186 0.257
EC5=15 15xl5 4#8 #3@ IS 139 18.0 776 1575 0.154 2.1 0.27 6186 0.256

EC6_4 15xl5 4#8 #3@4" 167 18.0 851 1720 0.168 3.6 0.27 6186 0.269
EC66 15xl5 4#8 #3@6" 167 18.0 851 1720 0.168 3.1 0.27 6186 0.263
EC6=8 15xl5 41/8 #3@ 8" 167 18.0 851 1720 0.168 2.6 0.27 6186 0.260
EC6_12 15xl5 4#8 #3@ 12 167 18.0 851 1720 0.168 2.1 0.27 6186 0.257
EC6_15 15xl5 4#8 #3@ IS 167 18.0 851 1720 0.168 1.9 0.27 6186 0.256

EC7 4 15xl5 8#8 #3@4" 195 20.0 954 2350 0.182 3.9 0.30 8608 0.269
EC7=6 15xl5 8#8 #3@ 6" 195 20.0 954 2350 0.182 3.4 0.30 8608 0.263
EC4 8 15xl5 8#8 #3@ 8" 195 20.0 954 2350 0.182 2.6 0.30 8608 0.260
EC7=12 15xl5 8#8 #3@ 12 195 20.0 954 2350 0.182 2.4 0.30 8608 0.257
EC7_15 15xl5 8#8 #3@ 15 195 20.0 954 2350 0.182 2.2 0.30 8608 0.256

EC8 4 15xl5 8#8 #3@4" 222 20.0 1026 2425 0.191 3.8 0.30 8608 0.269
EC8=6 15xl5 8#8 #3@6" 222 20.0 1026 2425 0.191 3.1 0.30 8608 0.263
EC8 8 15xl5 8#8 1/3@ 8" 2"'''' 20.0 1026 2425 0.191 2.6 0.30 8608 0.260~~

EC02 15xl5 8#8 1/3@ 12 2"'''' 20.0 1026 2425 0.191 2.3 0.30 8608 0.257~~

EC8_15 15xl5 81/8 1/3@ 15 222 20.0 1026 2425 0.191 2.1 0.30 8608 0.256

EC9 4 15x15 81/8 #3@4" 250 20.0 1101 2500 0.195 3.7 0.30 8608 0.269
EC9=6 15xl5 8 II 8 #3@6" 250 20.0 IIDI 2500 0.195 2.8 0.30 8608 0.263
EC9_8 15xl5 81/8 1/3@ 8" 250 20.0 1101 2500 0.195 2.6 0.30 8608 0.260
EC9_12 15xl5 81/8 #3@ 12 250 20.0 1101 2500 0.195 2.3 0.30 8608 0.257
EC9_15 15x15 8#8 1/3@ IS 250 20.0 IIDI 2500 0.195 2.0 0.30 8608 0.256
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Table A-2 Interior Column Properties with Sufficient Joint Steel

COLUM SIZE LONG. HOOP AXIAL Elo Mer My PHly PHlu EI3/Elo EM .GA
TYPE REINF. SPA. LOAD (,; 10"6) (,; 10"-3) (,; 10"·3) (,; 10"6)

(in) (kips) (k-inA2) (k-in) (k·in) (Ifm) (lfm) (%) (kfm) (k)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (II) (12) (13)

ICI_3 12,;12 4#6 #3@3" 44 7.2 291 560 0.134 12.0 0.20 3915 0.186
ICI 4 12,;12 4#6 #3@4" 44 7.2 291 560 0.134 10.4 0.20 3915 0.182
ICI-6 12x12 4#6 #3@6" 44 7.2 291 560 0.134 8.0 0.20 3915 0.178
ICO 12,;12 4#6 #3@8" 44 7.2 291 560 0.134 6.8 0.20 3915 0.175
ICl_12 12x12 4#6 #3@ 12 44 7.2 291 560 0.134 5.6 0.20 3915 0.173

IC23 12x12 4#6 #3@ 3" 89 7.2 386 758 0.183 8.2 0.20 3915 0.186
IC2:::4 12x12 4#6 #3@4" 89 7.2 386 758 0.183 6.1 0.20 3915 0.182
IC26 12x12 4#6 #3@6" 89 7.2 386 758 0.183 5.3 0.20 3915 0.178
IC2:::8 12x12 4#6 #3@ 8" 89 7.2 386 758 0.183 4.3 0.20 3915 0.175 .
IC2_12 12x12 4#6 #3@ 12 89 7.2 386 758 0.183 3.4 0.20 3915 0.173

IC3_3 12x12 4#6 113@ 3" 133 7.2 481 915 0.217 6.0 0.20 3915 0.186
IC3 4 12,;12 4#6 #3@4" 133 7.2 481 915 0.217 4.8 0.20 3915 0.182
IC3:::6 12,;12 4#6 #3@6" 133 7.2 481 915 0.217 3.6 0.20 3915 0.178
IC3 8 12,;12 4# 6 #3@ 8" 133 7.2 481 915 0.217 2.8 0.20 3915 0.175
IC3:::12 12,;12 4#6 #3@ 12 133 7.2 481 915 0.217 2.6 0.20 3915 0.173

IC4_4 15xl5 4#8 #3@4" 177 18.0 879 1770 0.173 3.6 0.27 6186 0.269
IC46 15xl5 4118 113@6" 177 18.0 879 1770 0.173 3.0 0.27 6186 0.263
IC4:::8 15xl5 4118 113@8" 177 18.0 879 1770 0.173 2.5 0.27 6186 0.260
IC4 12 15xl5 4118 113@ 12 177 18.0 879 1770 0.173 1.7 0.27 6186 0.257
IC05 15x15 4# 8 #3@ 15 177 18.0 879 1770 0.173 1.6 0.27 6186 0.256

IC5_4 15x15 4118 #3@4" 222 18.0 999 1960 0.189 2.8 0.27 6186 0.269
IC5 6 15x15 4#8 #3@6" 222 18.0 999 1960 0.189 2.5 0.27 6186 0.263
IC5-8 15x15 4118 #3@ 8" 222 18.0 999 1960 0.189 2.0 0.27 6186 0.260
IC5:::12 15x15 4118 113@ 12 222 18.0 999 1960 0.189 1.6 0.27 6186 0.257
IC5_15 15xl5 4118 113@ 15 222 18.0 999 1960 0.189 1.5 0.27 6186 0.256

IC64 15x15 4118 113@4" 260 18.0 1119 2100 0.198 2.6 0.27 6186 0.269
IC6:::6 15x15 4#8 #3@6" 260 18.0 1119 2100 0.198 2.0 0.27 6186 0.263
IC6 8 15x15 4#8 113@8" 260 18.0 1119 2100 0.198 1.9 0.27 6186 0.260
IC6-12 15x15 4#8 113@ 12 260 18.0 1119 2100 0.198 1.5 0.27 6186 0.257
IC05 15x15 4#8 113@ 15 260 18.0 1119 2100 0.198 1.2 0.27 6186 0.256

IC7 4 15xl5 8#8 #3@4" 310 20.0 1261 2640 0.201 3.4 0.30 8608 0.269
IC7-6 15xl5 8#8 #3@6" 310 20.0 1261 2640 0.201 2.6 0.30 8608 0.263
IC4:::8 15x15 8#8 #3@8" 310 20.0 1261 2640 0.201 2.4 0.30 8608 0.260
IC7 12 15x15 8118 #3@ 12 310 20.0 1261 2640 0.201 2.1 0.30 8608 0.257
IC7:::15 15x15 8118 #3@ 15 310 20.0 1261 2640 0.201 1.9 0.30 8608 0.256

IC8_4 15xl5 8#8 #3@4" 354 20.0 1378 2730 0.204 3.2 0.30 8608 0.269
IC86 15x15 8118 #3@6" 354 20.0 1378 2730 0.204 2.5 0.30 8608 0.263
IC8-8 15x15 8118 #3@ 8" 354 20.0 1378 2730 0.204 2.3 0.30 8608 0.260
IC8:::12 15xl5 8#8 #3@ 12 354 20.0 1378 2730 0.204 1.8 0.30 8608 0.257
IC8_15 15x15 8118 113@ 15 354 20.0 1378 2730 0.204 1.7 0.30 8608 0.256

IC94 15,;15 8118 113@ 4" 399 20.0 1499 2800 0.205 2.8 0.30 8608 0.269
IC9=:6 15,;15 8#8 #3@6" 399 20.0 1499 2800 0.205 2.4 0.30 8608 0.263
IC9 8 15:d5 8#8 #3@ 8" 399 20.0 1499 2800 0.205 2.2 0.30 8608 0.260
IC9:::12 15,;15 8#8 113@ 12 399 20.0 1499 2800 0.205 1.7 0.30 8608 0.257
IC9_15 15x15 8118 113@ 15 399 20.0 1499 2800 0.205 1.6 0.30 8608 0.256
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Table A-3 Factored Exterior Column Properties to Reflect Joint Capacity

COLUMN SIZE AXIAL b' h' (Vjv) (Mjv) Elo Mer My PHly PHlu EI3/Elo
TYPE LOAD (x 10"6) (x HY'-3 (x 10"-3

(in) (kips) (in) (in) (kips) (k-in) (k-in"2) (k-in) (k-in) (I/in) (Irm) (%)

P) (~) V) ('I) P) (0) (f) (0) (~) (IV) (I I) (U) (1'1)

ECI_3 (top) 12xl2 28 9.0 16.5 71.6 659 7.2 258 485 0.117 18.0 0.20
ECI_3 (bot) 12x12 28 9.0 16.5 71.6 329 7.2 258 329 0.051 18.0 om
EC1_4 (top) 12x12 28 9.0 16.5 71.6 659 7.2 258 485 0.117 14.0 0.20
ECI_4 (bot) 12xl2 28 9.0 16.5 71.6 329 7.2 258 329 0.051 14.0 0.01
ECI 6 (top) 12xl2 28 9.0 16.5 7 \.6 659 7.2 258 485 0.117 8.5 0.20
EC(6 (bot) 12xl2 28 9.0 16.5 71.6 329 7.2 258 329 0.051 8.5 0.01
EC1 8 (top) 12x12 28 9.0 16.5 71.6 659 7.2 258 485 0.117 7.6 0.20
ECI-8 (bot) 12xl2 28 9.0 16.5 71.6 329 7.2 258 329 0.051 7.6 0.01
EC(1 (top) 12x12 28 9.0 16.5 71.6 659 7.2 258 485 0.117 7.0 0.20
ECU (bot) 12xl2 28 9.0 16.5 71.6 329 7.2 258 329 0.051 7.0 0.01

EC2_3 12xl2 56 9.0 16.5 81.0 373 7.2 316 373 0.056 10.0 0.01
EC2_4 12.. 12 56 9.0 16.5 81.0 373 7.2 316 373 0.056 8.0 0.01
EC2_6 12..12 56 9.0 16.5 81.0 373 7.2 316 373 0.056 5.8 0.01
EC2_8 12..12 56 9.0 16.5 8 \.0 373 7.2 316 373 0.056 5.3 0.01
EC2_12 12..12 56 9.0 16.5 81.0 373 7.2 316 373 0.056 4.6 0.01

EC33 12.. 12 83 9.0 16.5 89.1 ,410 7.2 373 410 0,061 8.4 om
EC3:::4 12.. 12 83 9.0 16.5 89.1 410 7.2 373 410 0.061 7.0 0.01
EC3_6 12.. 12 83 9.0 16.5 89.1 410 7.2 373 410 0,061 5.6 om
EC3_8 12xl2 83 9.0 16.5 89.1 410 7.2 373 410 0.061 4.8 0.01
EC3_12 12..12 83 9.0 16.5 89.1 410 7.2 373 410 0.061 4.0 0.01

EC44 15.. 15 III 12.0 16.5 107.2 665 18.0 650 665 0.040 5.1 0.01
EC4-6 15.. 15 III 12.0 16.5 107.2 665 18.0 650 665 0.040 4.1 0.01
EC4:::8 15xl5 111 12.0 16.5 107.2 665 18.0 650 665 0.040 3.8 0.01
EC4_12 15..15 III 12.0 16.5 107.2 665 18.0 650 665 0.040 3.6 0.01
EC4_15 15..15 III 12.0 16,5 107.2 665 18.0 650 665 0.040 2.8 0.01

EC5_4 15..15 139 12.0 16.5 113.8 706 18.0 690 706 0.042 4.9 om
EC56 15.. 15 139 12.0 16.5 113.8 706 18.0 690 706 0.042 3.9 0.01
EC5-8 15..15 139 12.0 16.5 113.8 706 18.0 690 706 0.042 3.5 om
EC5:::12 15.. 15 139 12.0 16.5 113.8 706 18.0 690 706 0,042 3.1 0.01
EC5_15 15.. 15 139 12.0 16.5 113.8 706 18.0 690 706 0.042 2.1 0.01

EC64 15xl5 167 12.0 16.5 119,9 743 18.0 730 743 0.044 3.6 0.01
EC6:::6 15xl5 167 12.0 16.5 119,9 743 18.0 730 743 0.044 3.1 0.01
EC68 15x15 167 12.0 16.5 119.9 743 18.0 730 743 0.044 2.6 0.01
EC6-12 15xl5 167 12.0 16.5 119.9 743 18.0 730 743 0,044 2.1 0.01
EC6:::15 15x15 167 12.0 16.5 119.9 743 18.0 730 743 0.044 1.9 0.01

EC7 4 15xl5 195 12.0 16.5 125.8 780 20.0 765 780 0.042 3.9 0.01
EC7:::6 15..15 195 12.0 16.5 125.8 780 20.0 765 780 0.042 3.4 0.01
EC4_8 15xl5 195 12.0 16.5 125.8 780 20.0 765 780 0,042 2.6 0.01
EC7 12 15..15 195 12.0 16.5 125.8 780 20.0 765 780 0.042 2.4 0.01
EC7:::15 15xl5 195 12.0 16.5 125.8 780 20.0 765 780 0.042 2.2 0.01

EC8_4 15xl5 222 12.0 16.5 13\.2 813 • 20.0 800 813 0.043 3.8 0.01
EC86 15.. 15 222 12.0 16.5 131.2 813 20.0 800 813 0.043 3.1 0.01
EC8-8 15x15 222 12.0 16.5 131.2 813 20.0 800 813 0.043 2.6 0.01
EC8=12 15.. 15 222 12.0 16.5 131.2 813 20.0 800 813 0.043 2.3 0.01
EC8_15 15xl5 222 12.0 16.5 131.2 813 20.0 800 813 0.043 2.1 0.01

EC9_4 (top) 15.. 15 250 12.0 16.5 136.6 847 20.0 835 847 0.045 3.7 0.01
EC9_4 (bot) 15xl5 250 12.0 16.5 N/A N/A 20.0 1101 2500 0.195 3.7 0.30
EC9_6 (lop) 15xl5 250 12.0 16.5 136.6 847 20.0 835 847 0.045 2.8 om
EC9_6 (bot) 15xl5 250 12.0 16,5 N/A N/A 20.0 IIDI 2500 0,195 2.8 0,30
EC9 8 (top) 15xl5 250 12.0 16.5 136,6 847 20.0 835 847 0.045 2,6 0.01
EC9:::8 (bOI) 15xl5 250 12.0 16.5 N/A N/A 20,0 IIDI 2500 0,195 2,6 0.30
EC9_1 (lOp) 15.. 15 250 12.0 16.5 136·9 847 20.0 835 847 0.045 2,3 0.01
EC9 I (bot) 15xl5 250 12.0 16.5 N/A N/A 20.0 IIDI 2500 0.195 2.3 0.30
EC9:::1 (lop) 15..15 250 12.0 16.5 136.6 847 20.0 835 847 0.045 2.0 0.01
EC9_1 (boL) 15.. 15 250 12.0 16.5 N/A N/A 20.0 1101 2500 0,195 2.0 0.30
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Table A-4 Factored Interior Column Properties to Reflect Joint Capacity

COLUMN SIZE AXIAL b' h' (Vjv) (Mjv) Elo Mer My PHly PHlu El3/Elo
TYPE LOAD (x 1lY'6) (x 10"-3 (x 10"-3

(in) (kips) (in) (in) (kips) (k-in) (k-in~2) (k-in) (k-in) (1/in) (I lin) (%)

P) \") (.:l) (4) P) (0) (I) (~) (~) (LU) (II) (U) (14)

ICl_3 (lop) 12x12 44 9.0 16.5 77.1 732 7.2 291 560 0.134 12.0 0.20
ICI_3 (bol) 12xl2 44 9.0 16.5 77.1 362 7.2 291 362 0.055 12.0 0.01
ICI_4 (lop) 12xl2 44 9.0 16.5 77.1 732 7.2 291 560 0.134 10.4 0.20
ICI_4 (bol) 12xl2 44 9.0 16.5 77.1 362 7.2 291 362 0.055 10.4 0.01
ICI_6 (lop) 12xl2 44 9.0 16.5 77.1 732 7.2 291 560 0.134 8,0 0.20
ICI_6 (bol) 12xl2 44 9.0 16.5 77.1 362 7.2 291 362 0.055 8.0 0.01
ICI_8 (top) 12xl2 44 9.0 16.5 77.1 732 7.2 291 560 0.134 6.8 0.20
ICl_8 (bOI) 12xl2 44 9.0 16.5 77.1 362 7.2 291 362 0.055 6.8 0.01
ICU2 (lop) 12xl2 44 9.0 16.5 77.1 732 7.2 291 560 0.134 5.6 0.20
ICU2 (bol) 12x12 44 9.0 16.5 77.1 362 7.2 291 362 0.055 5.6 0.01

IC2_3 12x12 89 9.0 16.5 90.8 427 7.2 386 427 0,063 8.2 om
IC2 4 12xl2 89 9.0 16.5 90.8 427 7.2 386 427 0,063 6.1 om
IC2=6 12xl2 89 9.0 16.5 90.8 427 7.2 386 427 0.063 5.3 0.01
IC2_8 12xl2 89 9.0 16.5 90.8 427 7.2 386 427 0,063 4.3 0.01
IC2_12 12xl2 89 9.0 16.5 90.8 427 7.2 386 427 0.063 3.4 0.01

IC3_3 12xl2 133 9.0 16.5 102.5 482 7.2 475 482 0.071 6.0 0.01
IC3_4 12xl2 133 9.0 16.5 102.5 482 7.2 475 482 0.071 4.8 0.01
IC3_6 12xl2 133 9.0 16.5 1025 482 7.2 475 482 0.071 3.6 0.01
IC3_8 12x12 133 9.0 16.5 102.5 482 7.2 475 482 0.071 2.8 0.01
IC3_12 12xl2 133 9.0 16.5 102.5 482 7.2 475 482 0.071 2.6 0.01

IC44 15xl5 177 12.0 16.5 122.1 781 18.0 770 781 0,051 3.6 0.01
IC4=6 15x15 177 12.0 16.5 122.1 781 18,0 770 781 0.051 3.0 0.01
IC4 8 15xl5 177 12.0 16.5 122.1 781 18.0 770 781 0.051 2.5 0.01
IC4=12 15xl5 177 12.0 16.5 122.1 781 18.0 770 781 0.051 1.7 0.01
IC4_15 15xl5 177 12.0 16.5 122.1 781 18.0 770 781 0,051 1,6 0.01

IC5 4 15xl5 222 12.0 16.5 131.2 840 18.0 830 840 0.054 2.8 0.01
IC5=6 15xl5 222 12.0 16,5 131.2 840 18.0 830 840 0.054 2.5 0.01
IC5_8 15x15 222 12.0 16.5 131.2 840 18.0 830 840 0.054 2.0 0.01
IC5 '12 15xl5 222 12.0 16.5 131.2 840 18.0 830 840 0.054 1.6 0.01
IC5=15 15xl5 222 12.0 16.5 131.2 840 18.0 830 840 0.054 1.5 0.01

lC6_4 15xl5 266 12.0 16.5 139.6 893 18.0 880 893 0,055 2.6 0.01
IC6_6 15xl5 266 12.0 16.5 139.6 893 18.0 880 893 0,055 2.0 0.01
IC6_8 15xl5 266 12.0 16.5 139.6 893 18.0 880 893 0,055 1.9 0.01
IC6_12 15xl5 266 12.0 16.5 139.6 893 18.0 880 893 0.055 1.5 0.01
IC6_15 15x15 266 12.0 16.5 139.6 893 18.0 880 893 0.055 1.2 0.01

IC7_4 15x15 310 12.0 16.5 147.5 944 20.0 930 944 0,055 3.4 om
IC7_6 15xl5 310 12.0 16.5 147.5 944 20.0 930 944 0.055 2.6 0.01
IC4_8 15x15 310 12.0 16.5 147.5 944 20,0 930 944 0.055 2.4 0.01
IC7_12 15xl5 310 120 16.5 147.5 944 20.0 930 944 0.055 2.1 0.01
IC7_15 15xl5 310 12.0 16.5 147.5 944 20.0 930 944 0.055 1.9 0.01

IC8_4 15xl5 354 12.0 16.5 154.9 991 20.0 980 991 0.055 3,2 om
rC8_6 15xl5 354 12,0 16.5 154.9 991 20.0 980 991 0.055 2.5 0.01
rC8 8 15xl5 354 12.0 16.5 154.9 991 20.0 980 991 0.055 2.3 0.01
IC02 15xl5 354 12.0 16.5 154.9 991 20.0 980 991 0.055 1.8 0.01
IC8_15 15xl5 354 12.0 16.5 154.9 991 20.0 980 991 0.055 1.7 0.01

rC9_4 (top) 15xl5 399 12.0 16.5 162.2 1038 20.0 1025 1038 0,055 2.8 0,01
IC94 (bol) 15xl5 399 12.0 16.5 N/A N/A 20.0 1499 2800 0,205 2.8 0.30
IC9J; (lop) 15xl5 399 12.0 16.5 162.2 1038 20,0 1025 1038 0.055 2.4 0.01
lC9_6 (bol) 15x15 399 12.0 16.5 N/A N/A 20.0 1499 2800 0,205 2.4 0.30

lC9_8 (top) 15xl5 399 12.0 16.5 162.2 1038 20,0 1025 1038 0.055 2.2 om
IC9_8 (bol) 15xl5 399 12.0 16.5 N/A N/A 20,0 1499 2800 0.205 2.2 0.30
IC9_12 (top) 15xl5 399 12,0 16.5 162.2 1038 200 1025 1038 o.os5 1.7 om
IC9_12 (bol) 15x15 399 12,0 16.5 N/A N/A 20,0 1499 2800 0.205 1.7 0.30
IC9_15 (top) 15x15 399 12.0 16.5 162,2 1038 20.0 1025 1038 0.055 1.6 0.01
IC9_15 (bot) 15xl5 399 12.0 16.5 N/A N/A 20.0 1499 2800 0.205 1.6 0.30
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Table A-5 Beam Properties with Sufficient Joint Steel and Development Length

POSfI1VE BENDING PROPERTIES NEGATIVE BENDING PROPERTIES AXIAL SHEAR

BEAM HOOP
TYPE SPA. EIo Mer My PHIy PHlu EIo/El3 Mer My PHIy PHlu EIolEI3 EAIL GA

(x 10"6) (x 10"-3) (x 10"·3) (x 10"-3) (x 10"-3) (x 10"6)

(Ie-inI\2) (Ie. in) (Ie-in) (llIn) (I{m) (%) (Ie-in) (k-in) (I{m) (I-in) (%) (kIin) (kips)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (II) (12) (13) (14) (15)

EBI_4 113@4" 69.6 391 540 0.047 30.0 0.07 ·556 -970 -0.10 -6.0 0.38 3726 0.200
EBI.:..6 113@6" 69.6 391 540 0.047 24.0 0.07 -556 -970 -0.10 -5.0 0.38 3726 0.194
EBI_8 113@8" 69.6 391 540 0.047 20.0 0.07 ·556 -970 -0.10 ·3.0 0.38 3726 0.191
EBU2 113@ 12" 69.6 391 540 0.047 15.0 0.07 -556 -970 -0.10 -2.6 0.38 3726 0.187

IBI_4 113@4" 72.5 391 540 0.046 32.0 0.07 ·565 ·1250 -0.15 -5.0 0.45 3798 0.200
IBI_6 #3@6" 72.5 391 540 0.046 26.0 0.07 -565 ·1250 -0.15 ·3.5 0.45 3798 0.194
IBI_8 113@8" 72.5 391 540 0.046 21.0 0.07 ·565 -1250 -0,15 ·2.3 0.45 3798 0,191'

IBI_12 113@12" 72.5 391 540 0.046 17.0 0.07 ·565 ·1250 -0.15 ·2.0 0.45 3798 0.187

Table A-6 Beam Properties to Reflect Discontinuous Positive Reinforcement

BEAM HOOP EMBEDMENT DEVELOPMENT EIa Mer My PHly PHIu EI3/E1a
TYPE SPA. LENGTII LENGTII (x 10"6) (x 10"·3) (x 10"-3)

(in) (in) (Ie·inI\2) (k-in) (k·in) (lfm) (l/in) (%)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

EBl_4 #3@4" 6" 12.0" 69.6 270 284 0.017 30.0 0.035
EBI_6 #3@6" 6" 12.0" 69.6 270 284 0.017 24.0 Om5
EB1_8 113@8" 6" 12.0" 69.6 270 284 0.017 20.0 Om5
EBI_12 113@ 12" 6" 12.0" 69.6 270 284 0.017 15.0 om5

IBI_4 113@4" 6" 12.0" 72.5 270 284 0.017 32.0 0.035
IBI_6 #3@6" 6" 12.0" 72.5 270 284 0.017 26.0 0.035
IBI_8 #3@8" 6" 12.0" 72.5 270 284 0.017 21.0 Om5
IBU2 #3@ 12" 6" 12.0" 72.5 270 284 0.017 17.0 Om5

E84_4 #3@4" 7.5" 12.0" 69.6 360 372 0.021 30.0 0.044
E84_6 #3@6" 7.5" 12.0" 69.6 360 372 0.021 24.0 0.044
EB4_8 #3@8" 7.5" 12.0" 69.6 360 372 0.021 20.0. 0.044
EB4_12 #3@12" 7.5" 12.0" 69.6 360 372 0.021 15.0 0.044

184_4 113@4" 7.5" 12.0" 72.5 360 372 0.021 32.0 0.044
IB4_6 113@6" 7.5" 12.0" 72.5 360 372 0.021 26.0 0.044
IB4_8 #3@8" 7.5" 12.0" 72.5 360 372 0.021 21.0 0.044
IB4_12 #3@ 12" 7,5" 12.0" 72.5 360 372 0.021 17.0 0.044
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Table A-7 Factored Exterior Beam Properties to Reflect Joint Capacity

POSITIVE BENDING PROPERTIES NEGATIVE BENDING PROPERTIES

BEAM (Vjh) (Mjh) EIo Mer My PHIy Pillu EIolE13 Mer My Pilly Pillu E1olEl3
TYPE (x 100'6) (x 1()A. 3) (x 10"-3) (x 1()i'-3) (x 10"-3)

(kips) (k-in) (k-in"2) (k-in) (k-in) (I"n) (1/in) (%) (k-in) (k-in) (If",) (I/in) (%)

~1} ~"} ~~} (4) P) (b) (I) (~) (~) (IU) (II) (I~) (U) (I'!)

EB1_4 45.6 821 69.0 391 540 0.047 30.0 0.07 -5~6 -821 -0.074 -6.0 0.01
EBl_6 45.6 821 69.0 391 540 0.047 24.0 0.07 -556 -821 -0.074 -5.0 0.01
EB1_8 45.6 821 69.0 391 540 0.047 20.0 0.07 ·556 ·821 -0.074 ·3.0 0.01
EBU2 45.6 821 69.0 391 540 0.047 15.0 0.07 ·556 ·821 -0.074 ·2.6 0.01

EB2_4 51.5 927 69.0 391 540 0.047 30,0 0.07 -556 -927 -0.093 -6.0 0.01
EB2_6 51.5 927 69.0 391 540 0.047 24.0 0.07 ·556 -927 -0.093 -5.0 0.01
EB2_8 51.5 927 69.0 391 540 0.047 20.0 0.07 ·556 -927 -0.093 -3.0 0,01
EB2_12 51.5 927 69.0 391 540 0.047 15.0 0.07 -556 -927 ·0.093 -2.6 0.01

EB3_4 56.7 1021 69.0 391 540 0,047 30.0 0.07 -556 -970 -0.100 -6.0 0.38
EB3_6 56.7 1021 69.0 391 540 0.047 24.0 0.07 -556 ·970 -0.100 -5.0 0.38
EB3_8 56.7 1021 69.0 391 540 0.047 20.0 0.07 -556 ·970 -0.100 -3.0 0.38
EB3_12 56.7 1021 69.0 391 540 0.047 15.0 0.07 -556 -970 -0.100 ·2.6 0.38

EB4_4 87.7 1579 69.0 391 540 0.047 30.0 0.07 -556 -970 ·0.100 -6.0 0.38
EB46 87.7 1579 69.0 391 540 0.047 24.0 0.07 -556 ·970 -0.100 -5.0 0.38
EB4=8 87.7 1579 69.0 391 540 0.047 20.0 0.07 -556 -970 -0.100 -3.0 0.38
EB4_12 87.7 1579 69.0 391 540 0,047 15.0 0.07 -556 -970 -0.100 -2.6 0.38

EB5_4 93.1 1676 69.0 391 540 0.047 30.0 0.07 -556 -970 -0.100 -6.0 0.38
EB5_6 93.1 1676 69.0 391 540 0.047 24.0 0.07 -556 -970 -0.100 -5.0 0.38
EB5_8 93.1 1676 69.0 391 540 0.047 20.0 0.07 -556 -970 -0,100 -3.0 0.38
EB5_12 93.1 1676 69.0 391 540 0.047 15.0 0.07 -556 -970 -0.100 -2.6 0.38

EB64 98.1 1766 69.0 391 540 0.047 30.0 0.07 -556 -970 -0.100 -6.0 0.38
EB6=6 98.1 1766 69.0 391 540 0.047 24.0 0.07 -556 -970 -0.100 -5.0 0.38
EB6_8 98.1 1766 69.0 391 540 0.047 20.0 0.07 -556 -970 -0.100 -3.0 0.38
EB6_12 98.1 1766 69.0 391 540 0.047 15.0 0.07 -556 -970 -0.100 -2.6 0.38

EB7_4 102.9 1852 69.0 391 540 0.047 30.0 0.07 -556 -970 -0.100 -6.0 0.38
EB7_6 102.9 1852 69.0 391 540 0.047 24.0 0.07 -556 -970 -0.100 -5.0 0.38
EB7 8 102.9 1852 69.0 391 540 0.047 20.0 0.07 -556 -970 -0.100 -3.0 0.38
EB7)2 102.9 1852 69.0 391 540 0.047 15.0 0.07 -556 -970 -0.100 -2.6 0.38

EB84 107.3 1931 69.0 391 540 0,047 30.0 0,07 -556 -970 -0.100 -6.0 0.38
EB8=6 107.3 1931 69.0 391 540 0.047 24.0 0.07 ·556 ·970 -0.100 -5.0 0.38
EB8_8 107.3 1931 69.0 391 540 0.047 20.0 0.07 -556 -970 -0.100 -3.0 0.38
EBU2 107.3 1931 69.0 391 540 0.047 15.0 0.07 -556 -970 -0.100 -2.6 0.38

EB9_4 111.8 2012 69.0 391 540 0.047 30.0 0.07 -556 -970 -0.100 -6.0 0.38
EB9_6 111.8 2012 69.0 391 540 0.047 24.0 0.Q7 -556 . -970 -0.100 -5.0 0.38
EB9_8 111.8 2012 69.0 391 540 0.047 20.0 0.07 -556 -970 -0,100 -3.0 0.38
EB9_12 111.8 2012 69.0 391 540 0.047 15.0 0.07 -556 -970 -0,100 -2.6 0.38
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Table A-8 Factored Interior Beam Properties to Reflect Joint Capacity

POSITIVE BENDING PROPERTIES NEGATIVE BENDING PROPERTIES

BEAM (Vjh) (Mjh) Ero Mer My PHIy Pillu EIolE13 Mer My PHIy PHIu EIolEI3
TYPE (110"6) (1 10"-3) (1 10"-3) (1 10"-3) (1 10"-3)

(kips) (k-in) (k.-in"2) (k.-in) (k-in) (Iflll) (l/in) (%) (k-in) (k-in) (lflll) (lflll) (%)

(I) (":) (j) ('I) P) (D) (I) (6) (~) (lU) (II) (I":) (U) (1'1)

lHC4 49.1 417 72.:> 391 417 0.024 32.0 0.01 -400 -417 -0.022 -).0 0.01
IBI_6 49.1 417 72.5 391 417 0.024 26.0 0.01 -400 -417 -0.022 -3.5 0.01
IBI_8 49.1 417 72.5 391 417 0.024 21.0 0.01 -400 -417 ·0.022 -2.3 0.01
IBU2 49.1 417 72.5 391 417 0.024 17.0 om -400 -417 -0.022 -2.0 0.01

IB2_4 57.8 520 72.5 391 520 0.043 32.0 0.01 -500 -520 -0.027 -5.0 0.01
IB2_6 57.8 520 72.5 391 520 0.043 26.0 0.01 -500 -520 -0.027 -3.5 0.01
IB2_8 57.8 520 72.5 391 520 0.043 21.0 0.01 ·500 -520 -0.027 -2.3 0.01
IB2_12 57.8 520 72.5 391 520 0.043 17.0 0.01 ·500 -520 -0.027 -2.0 0.01

IB3_4 65.2 587 72.5 391 540 0.046 32.0 0.07 -565 -5il7 -0.029 -5.0 0.01
IB3_6 65.2 587 72.5 391 540 0.046 26.0 0.07 -565 -587 ·0.029 -3.5 0.01
IB3_8 65.2 587 72.5 391 540 0.046 21.0 0.07 ·565 -587 -0.029 -2.3 0.01
IB3_12 65.2 587 72.5 391 540 0.046 17.0 0.07 -565 .587 -0.029 ·2.0 0.01

IB4_4 99.9 909 72.5 391 540 0.046 32.0 0.07 -565 -909 -0,087 -5.0 0.01
IB46 99.9 909 72.5 391 540 0.046 26.0 0.07 -565 -909 -0.087 -3.5 0.01
IB4=8 99.9 909 72.5 391 540 0.046 21.0 0.07 -565 -909 -0.087 -2.3 0.01
IB4_12 99.9 909 72.5 391 540 0.046 17.0 0.07 -565 ·909 -0.087 -2.0 0.01

IB5_4 107.3 976 72.5 391 540 0.046 32.0 0.07 ·565 -976 -0.099 -5.0 0.01
IB5_6 107.3 976 72.5 391 540 0.046 26.0 0.07 -565 -976 ·0.099 -3.5 0.01
IB5_8 107.3 976 72.5 391 540 0.046 21.0 0.07 ·565 -976 -0.099 -2.3 0.01
IB5_12 107.3 976 72.5 391 540 0.046 17.0 0.07 ·565 -976 -0.099 -2.0 0.01

IB6_4 114.2 1039 72.5 391 540 0.046 32.0 0.07 ·565 -1039 -0.110 -5.0 0.01
IB6_6 114.2 1039 72.5 391 540 0.046 26.0 0.07 -565 -1039 -0.110 -3.5 0.01
IB6_8 114.2 1039 72.5 391 540 0.046 21.0 0.07 -565 -1039 -0.1l0 -2.3 0.01
IB6_12 114.2 1039 72.5 391 540 0.046 17.0 0.07 ·565 -1039 -0.110 -2.0 0.01

IB7_4 120.7 1098 72.5 391 540 0.046 32.0 0.07 -565 -1098 -0.120 -5.0 0.01
IB7_6 120.7 1098 72.5 391 540 0.046 26,0 0.07 -565 -1098 -0.120 -3.5 0.01
IB78 120.7 1098 72.5 391 540 0.046 21.0 0.07 -565 -1098 -0.120 -2.3 0.01
IB7=12 120.7 1098 72.5 391 S40 0.046 17.0 0.07 -565 ·1098 -0.120 ·2.0 0.01

IB8_4 126.7 1153 72.5 391 540 0.046 32.0 0.07 -565 -1153 -0.129 -5.0 0.01
IB8_6 126.7 1153 72.5 391 540 0.046 26.0 0.07 -565 -1153 -0.129 -3.5 0.01
IB8_8 126.7 1153 72.5 391 540 0.046 21.0 0.07 ·565 -1153 -0.129 ·2.3 0.01
IB8_12 126.7 1153 72.5 391 540 0.046 17.0 0.07 -565 -1153 -0.129 -2.0 0.01

1B9-,4 132.7 1208 72.5 391 540 0.046 32.0 0.07 -565 -1208 -0.139 ·5.0 0.01
IB9_6 132.7 1208 72.5 391 540 0.046 26.0 0.07 -565 -1208 -0.139 -3.5 0.01
IB9_8 132.7 1208 72.5 391 540 0.046 21.0 0.07 -565 -1208 -0.139 -2.3 0.01
IB9_12 132.7 1208 72.5 391 540 0.046 17.0 0.07 -565 -1208 -0.139 -2.0 0.01
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APPENDIX B

BEAM AND COLUMN DAMAGE INDICES

General Notes Pertaining to Tables:

1. Tables represent the damage indices corresponding to beams and columns for each story
level as computed by the IDARC program.

2. The damage index typically has a range from 0.00 to 1.00 with 0.00 representing no damage
and 1.00 representing collapse. For further background or interpretation of the damage
index refer to Section 4 and to References 20-22.

3. Results from the analysis of 3,6 & 9 story buildings for ail detailing strategies are tabulated
separately for the following four input ground motions:

- 1940 El Centro (S 00 E): (PGA =0.20 g)
- Spectrum-Compatible Accelerogram: (PGA =0.15 g)
- 1985 Nahanni (N 00 W): (PGA =0.20 g)
- 1952 Taft (N 21 E): (PGA =0.20 g)

4. Representative illustrations of the specific reinforcing details which were modeled in the
analysis are presented again for quick reference in Figure B-1. Figures shown are for
interior beam column joints. Exterior beam-column joints were modeled in the same
manner (see Section 3 for details). Larger scale illustrations can beJound in Appendix C.

Complete descriptions of the individual details are presented in Section 6.

5. These tables are presented to show the general trend in the damage in columns and beams
and between story levels. While some irregularities are inherent in some of the responses
due to the complexity of the response, the overall behavior is well represented. The
conclusions in Section 7 are directly derived from this summary.
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Table B-1 Beam and Column Damage Indices for Three Story Frames
(EI-Centro, PGA =0.20 g)

3REAL 3CPR 3DPR 3JSP

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

3 0.55 0.48 0.67 0.38 0.02 0.13 0.01 0.02

2 0.47 0.31 0.40 0.37 0.76 0.27 0.05 0.34

1 0,41 0.62 0.47 0.57 0.82 0.18 0.47 0,49

3RCON4 3CPCON4 3DCON4 3JCON4

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

3 0.32 0.20 0.27 0.16 0.01 0.06 0.01 0.01
2 0.19 0.14 0.16 0.17 0.31 0.13 0.02 0.14

1 0.16 0.27 0.19 0.25 0.34 0.08 0.20 0.21

3RCON8 3CPCON8 3DCON8 3JCON8

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

3 0.69 0,42 0.58 0.32 0.02 0.09 0.01 0.02
2 0,41 0.24 0.35 0.32 0.66 0.22 0.04 0.21

1 0.35 0.44 0.41 0.41 0.71 0.13 0.41 0.36

3CCON4 3CCON8 3BCON4 3BCON8

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

3 0.80 0.20 0.80 0.42 0.32 0,48 0.69 0.48
2 0,47 0.14 0.47 0.24 0.19 0.31 0.41 0.31

1 0,41 0.27 0.41 0.44 0.16 0.62 0.35 0.62
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Table B-2 Beam and Column Damage Indices for Six Story Frames
(E1-Centro. PGA =0.20 2)

6REAL 6CPR 6DPR 6JSP

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

6 0.11 0.02 0.09 0.03 0.02 0.34 0.02 0.03

5 0.11 0.82 0.10 0.91 0.90 0.14 0.05 0.15

4 0.54 0.83 0.67 0.92 0.97 0.22 0.45 0.26

3 0.60 0.87 0.13 0.46 0.45 0.04 0.61 0.05
2 0.41 0.76 0.27 0.81 0.59 0.04 0.82 0.05

1 0.37 0.43 0.23 0.20 0.71 0.13 0.43 0.12

6RCON4 6CPCON4 6DCON4 6JCON4

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

6 0.04 om 0.04 0.01 0.01 0.15 0.01 0.02

5 0.04 0.48 0.04 0.47 0.44 0.07 0.02 0.06

4 0.20 0.58 0.27 0.61 0.49 0.11 0.19 0.19

3 0.37 0.85 0.05 0.20 0.18 0.03 0.24 0.04

2 0.17 0.41 0.11 0.46 0.29 0.03 0.36 0.03

1 0.15 0.24 0.09 0.10 0.30 0.06 0.18 0.06

6RCON8 6CPCON8 6DCON8 6JCON8

STORY BEAMS . COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

6 0.09 om 0.08 0.02 0.02 0.25 0.01 0.02

5 0.10 0.72 0.09 0.79 0.88 0.11 0.04 0.10

4 0.44 0.74 0.58 0.81 0.93 0.08 0.39 0.19
3 0.56 0.90 0.11 0.29 0.37 0.03 0.53 0.03

2 0.37 0.57 0.23 0.64 0.40 0.03 0.74 0.03
1 0.33 0.34 0.20 0.14 0.61 0.08 0.37 0.08

6CCON4 6CCON8 6BCON4 6BCON8

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

6 0.11· om 0.11 om 0.04 0.02 0.09 0.02

5 0.11 0.48 0.11 0.72 0.04 0.82 0.10 0.82
4 0.50 0.58 0.50 0.74 0.20 0.83 0.44 0.83

3 0.59 0.85 0.59 0.90 0.37 0.88 0.56 0.88

2 0.42 0.41 0.42 0.57 0.17 0.75 0.37 0.75

1 0.37 0.24 0.37 0.34 0.15 0.46 0.33 0.46
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Table B-3 Beam and Column Damage Indices for Nine Story Frames
(EI-Centro, PGA =0.20 g)

9REAL 9CPR 9DPR 9JSP

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

9 0.22 0.16 0.13 0.Q2 0.Q2 om 0.Q2 0.11

8 0.15 0.29 0.Q7 0.31 0.61 0.07 0.05 0.13

7 0.29 0.35 0.35 0.81 0.53 0.Q7 0.28 0.07

6 0.33 0.31 0.Q3 0.34 0.82 0.Q3 0.37 0.05

5 0.47 0.32 0.06 0.27 0.67 0.Q3 0.53 0.04

4 0.54 0.72 0.10 0.40 0.50 0.04 0.46 0.05

3 0.61 0,69 0.21 0.49 0.63 0.Q2 0.44 0.03

2 0.74 0.77 0.45 0.67 0.50 0.Q3 0.36 0.04

1 0.55 0.85 0.30 0.43 0.44 0.05 0.27 0.05

9RCON4 9CPCON4 9DCON4 9JCON4

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

9 0.09 0.06 0.05 0.01 0,01 0.03 0.01 0.05

8 0.06 0.12 0.Q3 0.13 0,25 0.03 0.Q2 0.05

7 O.ll 0.16 0.14 0.37 0.21 0.03 0.11 0.03

6 0.14 0.14 om 0.15 0.34 0.02 0.15 0.02

5 0.19 0.16 0.03 0.14 0.27 0.Q2 0.22 0.Q2

4 0.22 0.38 0.04 0.18 0.21 0.02 0.18 0.Q2

3 0.25 0.48 0.09 0.28 0.27 0.01 0.18 0.01

2 0.32 0.63 0.18 0.37 0.21 0.Q2 0.15 0.02

1 0.22 0.46 0.12 0.23 0.18 0.03 0.11 0.Q3

9RCON8 9CPCON8 9DCON8 9JCON8

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

9 0.19 0.16 . 0.10 0.10 0.Q2 0.05 0.Q2 0.07

8 0.13 0.21 0.05 0.23 0.53 0.05 0.04 0.08

7 0.25 0.27 0.37 0.62 0.46 0.05 0.24 0.05

6 0.29 0,20 0.Q3 0.04 0,72 0.Q2 0.32 0.03

5 0.41 0.23 0.06 0,21 0.58 0.Q2 0.46 0.03

4 0.47 0.52 0.09 0.36 0.43 0.03 0.40 0.03

3 0.53 0.72 0.17 0.40 0.54 0.Q2 0.38 0.02

2 0.67 0.73 0.30 0.69 0.43 0.Q2 0.31 0.03

, 1 0.47 0.66 0.35 0.50 0.38 0.Q4 0.24 0.04

9CCON4 9CCON8 9BCON4 9BCON8

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

9 0.22 0.06 0.22 0.14 0.09 0.16 0.19 0.16

8 0.15 0.12 0.15 0.20 0.06 0.29 0.13 0.29

7 0.29 0.16 0.29 0.25 0.11 0.35 0.25 0,35

6 0.33 0.14 0.33 0.20 0:14 0.31 0.29 0.31

5 0.47 0.16 0.47 0.23 0.19 0.32 0.41 0.32

4 0.54 0.38 0.54 0.52 0.22 0.72 0.47 0.72

3 0.61 0.48 0.61 0.72 0.25 0.69 0.53 0.69

2 0.74 0.63 0.74 0.73 0.32 0.70 0.67 0.70

1 0.55 0.46 0.55 0.66 0.22 0.85 0.47 0.85
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Table B-4 Beam and Column Damage Indices for Three Story Frames
(Simulated Earthquake, PGA =0.15 g)

3REAL 3CPR 3DPR 3JSP

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

3 0.14 0.03 0.16 0.02 0.01 0.02 0.01 0.02

2 0.17 0.19 0.18 0.07 0.37 0.04 0.03 0.05

1 0.18 0.26 0.17 0.25 0.43 0.05 0.05 om

3RCON4 3CPCON4 3DCON4 3JCON4

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

3 0.05 0.01 0.06 0.01 0.00 0.01 0.00 om
2 0.07 0.08 0.07 0.03 0.15 0.02 0.01 0.02

1 0.07 0.11 0.07 0.11 0.17 0.02 0.02 0.03

3RCON8 3CPCON8 3DCON8 3JCON8

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

3 0.12 0.02 0.14 0.01 om 0.01 0.01 0.01

2 0.15 0.13 0.15 0.04 0.32 0.02 0.03 0.03

1 0.15 0.19 0.14 0.18 0.38 0.04 0.04 0.05

3CCON4 3CCON8 3BCON4 3BCON8

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

3 0.14 0.01 0.14 0.02 0.05 0.03 0.12 0.03

2 0.17 0.08 0.17 0.13 0.07 0.19 0.15 0.19

1 0.18 0.11 0.18 0.19 0.07 0.26 0.15 0.26
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Table B-5 Beam and Column Damage Indices for Six Story Frames
(Simulated Earthquake, PGA =0.15 g)

6REAL 6CPR 6DPR 6JSP

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

6 0.15 0.09 . 0.15 0.02 0.01 0.01 0.01 0.02

5 0030 0.18 0.24 0.63 0.02 0.02 0.02 0.03

4 0.24 0.30 0.43 0.53 0.28 0.03 0.04 0.05

3 0037 0.05 0.03 0.12 0.36 0.03 0.40 0.04

2 0.27 0.03 0.06 0.05 0.35 0.03 0.50 0.03

1 0.22 0.04 0.09 0.05 0.26 0.06 0033 0.07

6RCON4 6CPCON4 6DCON4 6JCON4

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

6 0.06 0.04 0.06 0.01 0.00 0.01 0.00 0.01

5 0.12 0.08 0.09 0.27 0.01 0.01 0.01 0.01

4 0.10 0.13 0.17 0.23 0.11 0.02 0.01 0.04

3 0.15 0.03 0.01 0.05 0.15 0.02 0.17 0.02

2 0.11 0.01 0.02 0.03 0.14 0.02 0.20 0.02

1 0.09 0.02' 0.04 0.02 0.11 0.03 0.13 0.04

6RCON8 6CPCON8 6DCON8 6JCON8

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

.6 0.13 0.06 0.13 0.02 0.01 0.01 0.01 0.01

5 0.26 0.12 0.21 0.44 0.02 0.02 0.02 0.02

4 0.21 0.22 0.37 0.38 0.24 0.02 0.03 0.04

3 0.32 0.03 0.03 0.08 0.45 0.02 0.35 0.02

2 0.24 0.02 0.05 0.04 0.29 0.02 0.43 0.02

1 0.19 0.03 0.08 0.03 0.22 0.04 0.29 0.05

6CCON4 6CCON8 6BCON4 6BCON8

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

6 0.15 0.04 0.15 0.06 0.06 0.09 0.13 0.09

5 0.30 0.08 0.30 0.12 0.12 0.18 0.26 0.18

4 0.24 0.13 0.24 0.22 0.10 0.30 0.21 0030

3 0.37 0.03 0.37 0.03 0.15 0.05 0.32 0.05

2 0.27 0.01 0.27 0.02 0.11 0.03 0.24 0.03

1 0.22 0.02 0.22 0.03 0.09 0.04 0.19 0.04
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Table B-6 Beam and Column Damage Indices for Nine Story Frames
(Simulated Earthquake, PGA = 0.15 g)

9REAL 9CPR 9DPR 9JSP

STOR' BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

9 0.09 om 0.D9 om 0.01 0.01 0.01 0.01

8 0.09 0.06 0,13 0.25 0.02 0.02 0,02 0.03

7 0.14 0.05 0.29 0.70 0.03 0.03 0.03 0.04

6 0.03 0.D9 0.04 O.o? 0.17 0.03 0.06 0.03

5 0.21 0.04 0.06 0.03 0.34 0.03 0.23 0.03

4 0.29 0.03 0.05 0.06 0.54 0.03 0.35 0.03

3 0040 0.D3 0.19 0.16 0.60 0.02 0.45 0.02

2 0.28 0.02 0.27 0.07 0.33 0,02 0.32 0.03

1 0.44 0.04 0.22 0.04 0.25 0.05 0.24 0.05

9RCON4 9CPCON4 9DCON4 9JCON4

STOR' BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

9 0.04 om 0.04 om 0.00 0.01 0.00 0.01

8 0.03 0,02 0.05 0.10 0.01 0.01 O.oJ 0.01

7 0.05 0.02 0.12 0.36 O.oJ 0.01 0.01 0.02

6 0.01 0.04 0.02 0.03 0.07 O,oi 0.02 om
5 0.08 0.02 0.02 O,oi 0.14 0.01 0.09 O,oi

4 0.12 0.02 0.02 0.03 0.22 O,oi 0.14 0.02

3 0.16 0.02 0.08 0.09 0,25 0.01 0.19 0.01

2 0.11 O,oi 0.11 0.04 0.13 0.01 0.14 0.02

1 0.18 0.02 0.09 0.02 0.10 0.D3 0.09 0.03

9RCON8 9CPCON8 9DCON8 9JCON8

STOR' BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

9 0.08 om 0.08 O,oi o.oJ 0.01 0.01 0.01
8 0.08 0.04 0.12 0,17 0.02 0.01 0.02 0.02

7 0.12 0.04 0.25 0.60 0.02 0.02 0.03 0.03

6 0.03 0.06 0.04 0.05 0.14 0.02 0,05 0.02

5 0.18 0.02 0.05 0.02 0.30 0.02 0.20 0.02

4 0.25 0.02 0.04 0.04 0.47 0.02 0.30 0.02

3 0.35 0.03 0.16 0.12 0.52 0.02 0.39 0.02

2 0.24 0.02 0.23 0.05 0.28 0.02 0.28 0.02

1 0.38 0.03 0.19 0.03 0.21 0.04 0.21 0.03

9CCON4 9CCON8 9BCON4 9BCON8

STOR' BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

9 0.D9 0.01 0.D9 O,oi 0.04 om 0.08 0.01
8 0.09 0.02 0.D9 0.04 0.03 0.06 0.08 0,06

7 0.14 0.02 0.14 0.04 0.05 0.05 0.12 0.05

6 0.03 0,04 0.D3 0,06 0.01 0.D9 0.03 0.09

5 0.21 0.02 0.21 0.02 0.08 0.04 0.18 0.04

4 0.29 0.02 0.29 0.02 0.12 0.D3 0.25 0.03

3 0.40 0,02 0.40 0.D3 0.16 0.D3 0.35 0.03

2 0.28 O,oi 0.28 0.02 0.11 0.02 0.24 0.02

1 0.44 0.02 0.44 0.03 0.18 0.04 0.38 0.04
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Table B-7 Beam and Column Damage Indices for Three Story Frames
(Nahanni, PGA = 0.20 g)

3REAL 3CPR 3DPR 3JSP

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

3 0.19 0.12 0.15 0.07 om 0.02 0.01 0.02

2 om 0.06 0.05 0.06 0.18 0.02 0.02 0.03

1 0.06 0.03 0.05 0.03 0.02 0.04 0.02 0.04

3RCON4 3CPCON4 3DCON4 3JCON4

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

3 om 0.06 0.06 0.03 om 0.01 om 0.01

2 0.03 0.02 0.Q2 0.02 0.07 0.01 0.01 om
1 0.02 om 0.02 0.01 om 0.Q2 0.01 0.02

3RCON8 3CPCON8 3DCON8 3JCON8

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

3 0.16 0.08 0.13 0.05 0.01 0.02 0.01 0.Q2

2 0.06 0.04 0.04 0.03 0.15 0.02 0.02 0.02

1 0.05 0.02 0.05 0.02 0.02 0.03 0.02 0.03

3CCON4 3CCON8 3BCON4 3BCON8

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

3 0.19 0.06 0.19 0.08 0.07 . 0.12 0.16 0.12

2 om 0.02 0.07 0.04 0.03 0.06 0.06 0.06

1 0.06 0.01 0.06 . 0.02 0.02 0.03 0.05 0.03
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Table B-8 Beam and Column Damage Indices for Six Story Frames
(Nahanni, PGA =0.20 g)

6REAL 6CPR 6DPR 6JSP

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

6 0.20 0.10 0.17 0.12 0.11 0.02 0.01 0.02

5 0.12 0.14 0.14 0.19 0.24 0.03 0.03 0.04

4 0.17 0.21 0.13 0.31 0.19 0.04 0.03 0.04

3 0.31 0.11 0.03 0.23 0.40 0.03 0.05 0.04

2 0.25 0.17 0.03 0.25 0.44 0.04 0.13 0.04

1 0.24 0.05 0.03 0.11 0.23 0.05 0.04 0.05

6RCON4 6CPCON4 6DCON4 6JCON4

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

6 0.07 0.04 0.07 0.05 0.01 om 0.01 0.01

5 0.05 0.05 0.06 0.02 0:09 0.01 0.01 0.D2

4 0.06 0.14 0.05 0.09 0.08 0.03 0.01 0.D3

3 0.17 0.08 0.01 0.02 0.16 0.02 0.02 0.02

2 0.16 0.06 0.01 0.03 0.18 0.02 0.05 0.03

1 0.09 0.03 0.01 0.02 0.09 0.02 0.02 0.02

6RCON8 6CPCON8 6DCON8 6JCON8

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

6 0.15 0.07 0.15 0.09 0.01 0.02 0.01 0.02

5 0.10 0.08 0.12 0.04 0.13 0.02 0.02 0.03

4 0.13 0.18 0.11 0.15 0.24 0.03 0.03 0.03

3 0.36 0.11 0.03 0.02 0.31 0.02 0.05 0.02

2 0.34 0.08 0.03 0.04 0.35 0.03 0.11 0.D3

1 0.20 0.D3 0.D3 0.03 0.25 0.04 0.03 0.D3

6CCON4 6CCON8 6BCON4 6BCON8

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

6 0.18 0.04 0.18 0.07 0.07 0.09 0.15 0.09

5 0.12 0.05 0.12 0.08 0.05 0.13 0.10 0.13

4 0.15 0.14 0.15 0.23 0.06 0.32 0.13 0.32

3 0.42 0.08 0.42 0.11 0.17 0.15 0.36 0.15

2 0.39 0.06 0.39 0.08 0.16 0.13 0.34 0.13

1 0.24 0.03 0.24 0.03 0.09 0.05 0.20 0.05

B-lO



Table B-9 Beam and Column Damage Indices for Nine Story Frames
(Nahanni, PGA =0.20 g)

9REAL 9CPR 9DPR 9JSP

STOR) BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

9 0.15 0.06 0.07 am am 0.02 am 0.02

8 0.04 0.D3 0.05 0.09 0.02 0.02 0.01 0.02

7 am 0.D3 0.08 0.24 0.02 0.03 0.02 0.04

6 0.04 0.03 0.D3 0.20 0.04 0.03 0.03 0.D3

5 0.16 0.06 0.04 0.36 0.13 0.03 0.04 0.04

4 0.39 0.12 0.16 0.22 0.31 0.04 0.27 0.05

3 0.37 0.06 0.22 0.28 0.51 0.02 0.23 0.D3

2 0.36 0.04 0.26 0.21 0.48 0.D3 0.26 0.04

1 0.27 0.05 0.22 0.09 0.44 0.05 0.19 0.04

9RCON4 9CPCON4 9DCON4 9JCON4

STOR' BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

9 0.06 0.03 0.06 0.03 0.01 0.01 0.01 0.01

8 0.02 0.01 0.02 0.04 0.01 0.01 0.01 0.01

7 0.D3 0.01 0.08 0.10 0.01 0.01 0.01 0.02

6 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01

5 0.06 0.03 0.01 0.44 0.05 0.02 0.01 0.02

4 0.16 0.06 0.09 0.06 0.13 0.02 0.11 0.02

3 0.15 0.04 0.13 0.10 0.21 0.01 0.21 0.01

2 0.24 0.02 0.14 0.06 0.19 0.02 0.15 0.02

1 0.11 0.D3 0.10 0.03 0.18 0.03 0.14 0.02

9RCON8 9CPCON8 9DCON8 9JCON8

STOR' BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

9 0.13 0.05 0.13 0.05 0.01 0.02 am 0.02

8 0.03 0.02 0.04 0.06 0.01 am 0,01 0.02

7 0.06 0.02 0.17 0.16 0.02 0.02 0.02 0.03

6 0.D3 0.02 0.03 0.04 0.04 0.02 0.03 0.02

5 0.14 0.05 0.03 0.61 0.01 0.03 0.03 0.D3

4 0.34 0.09 0.20 0.07 0.27 0.03 0.24 0.03

3 0.32 0.05 0.26 0.16 0.44 0.02 0.46 0.02

2 0.52 0.D3 0.30 0.13 0.42 0.02 0.32 0.D3

1 0.23 0.03 0.25 0.04 0.39 0.D3 0.29 0.03

9CCON4 9CCON8 9BCON4 9BCON8

STOR' BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

9 0.15 0.03 0.15 0.05 0.06 0.06 0~13 0.06

8 0.04 0.01 0.04 0.02 0.02 0.D3 0.03 0.D3

7 0.07 om 0.07 0.02 0.03 0.03 0.06 0.D3

6 0.04 0.01 0.04 0.02 0.01 0.03 0.03 0.03

5 0.16 0.D3 0.16 0.05 0.06 0.06 0.14 0.06

4 0.39 0.06 0.39 0.09 0.16 0.12 0.34 0.12

3 0.37 0.04 0.37 0.05 0.15 0.06 0.32 0.06

2 0.60 0.02 0.60 0.03' 0.24 0.04 0.52 0.04

1 0.27 0.03 0.27 0.03 0.11 0.05 0.23 0.05
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Table B.IO Beam and Column Damage Indices for Three Story Frames
(Taft, PGA =0.20 g)

3REAL 3CPR 3DPR 3JSP

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

3 0.37 0.39 0.13 0.07 0.01 0.09 0.01 0.Q2

2 0.44 0.52 0.35 1.00 0.46 0.42 0.04 0.23

1 0.54 0.79 0.69 1.00 1.00 0.39 0.45 0.44

3RCON4 3CPCON4 3DCON4 3JCON4

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

3 0.15 0.08 0.05 0.03 0.01 0.03 0.00 om
2 0.18 0.58 0.10 0.67 0.19 0.17 0.02 0.10

1 0.38 0.64 0.28 0.67 0.56 0.17 0.19 0.19

3RCON8 3CPCON8 3DCON8 3JCON8

STORY BEAMS COLUMN .BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

3 0.32 0.15 0.11 0.06 0.01 0.07 0.01 om
2 0.38 0.48 0.22 0.91 0.41 0.27 0.03 0.15

1 0.82 0.71 0.60 0.93 1.00 0.28 0.39 0.32

3CCON4 3CCON8 3BCON4 3BCON8

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

3 0.37 0.08 0.37 0.15 0.15 0.19 0.32 0.19

2 0.44 0.68 0.44 0.92 0.18 0.96 0.38 0.96

1 0.92 0.64 0.92 0.91 0.38 0.96 0.82 0.96
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Table B-ll Beam and Column Damage Indices for Six Story Frames
(Taft, PGA =0.20 g)

6REAL 6CPR 6DPR 6JSP

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

6 0.05 0.21 0.06 0.31 0.08' 0.11 0.02 0.07

5 0.10 0.57 0.10 0.87 0.22 0.37 0.11 0.28.
4 0.62 1.00 0.68 1.00 0.96 0.46 0.36 0.22

3 0.90 0.70 0.21 0.83 0.78 0.14 0.47 0.08

2 0.55 0.58 0.26 0.83 0.99 0.10 0.32 0.07

1 0.38 0.34 0.18 0.22 .0.71 0.18 0.29 0.14

6RCON4 6CPCON4 6DCON4 6JCON4

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

6 0.02 0.00 0.02 0.00 0.01 0.03 0.01 0.05

5 0.04 0.26 0.04 0.49 0.40 0.13 0.05 0.16

4 0.27 0.53 0.27 0.90 0.45 0.16 0.15 0.33

3 0.36 0.37 0.09 0.40 0.41 0.02 0.50 0.03

2 0.22 0.36 0.10 0.50 0.45 0.04 0.30 0.05

1 0.16 0.07 0.07 0.10 0.30 0.09 0.18 0.07

6RCON8 6CPCON8 6DCON8 6JCON8

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS C0LUMN

6 0.05 0.01 0.05 0.01 0.02 0.04 0.02 0.08

5 0.09 0.44 0.08 0.81 0.81 0.22 0.10 0.24

4 0.58 0.62 0.59 1.00 0.89 0.17 0.31 0.33

3 0.68 0.52 0.18 0.58 0.72 0.03 0.93 0.04

2 0.46 0.50 0.22 0.70 0.92 0.04 0.62 0.05

1 0.33 0.10 0.16 0.14 0.61 0.12 0.39 0.09

6CCON4 6CCON8 6BCON4 6BCON8

STORY BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

6 0.05 0.00 0.05 0.01 0.02 0.01 0.05 0.01

5 0.10 0.26 0.10 0.44 0.04 0.59 0.09 0.59

4 0.62 0.93 0.62 1.00 0.27 1.00 0.58 1.00

3 0.90 0.37 0.73 '0.52 0.36 0.79 0.68 0.79

2 0.55 0.36 0.53 0.50 0.22 0.73 0.46 0.73

1 0.38 0.07 0.38 0.10 0.16 0.14 0.33 0.14
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Table B-12 Beam and Column Damage Indices for Nine Story Frames
(Taft, PGA =0.20 g)

9REAL 9CPR 9DPR 9JSP

STOR' BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

9 0.08 0.33 0.10 0.21 0.02 0.15 0.02 0.05

8 0.11 0.69 0.09 0.55 0.65 0.17 0.07 0.13

7 0.46 0.66 0.41 0.72 0.62 0.07 0.14 0.08

6 0.57 0.69 0.03 0.77 0.64 . 0.05· 0.35 0.06

5 0.87 0.72 0.05 0.85 0.61 0.04 0.51 0.05

4 0.77 0.83 0.13 0.88 0.77 0.05 0.51 0.07

3 0.95 0.71 0,27 0.93 0.87 0.03 0.71 0.03

2 0.74 0.76 0.37 0.94 0.70 0.03 0.68 0.05

I 0.69 0.83 0.49 0.85 0.56 0.06 0.37 0.07

9RCON4 9CPCON4 9DCON4 9JCON4

STOR' BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

9 0.03 0.01 0.04 0.01 om 0.07 0.01 0.Q2

8 0.04 0.30 0.03 0.15 0.26 0.08 0.03 0.06

7 0.19 0.28 0.16 0.18 0.25 0.03 0.06 0.04

6 0.23 0.35 0.01 0.01 0.27 0.Q2 0.14 0.03

5 0.54 0.66 0.02 0.09 0.25 ·0.Q2 0.21 0.03

4 0.31 0.71 0.06 0.41 0.32 0.03 0.21 0.03

3 0.42 0.77 0.1l 0.74 0.36 0.01 0.29 0.Q2

2 0.31 0.69 0.16 0.93 0.30 0.Q2 0.29 0.02

1 0.28 0.47 0.31 0.83 0.23 0.04 0.15 0.04

9RCON8 9CPCON8 9DCON8 9JCON8

STOR BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

9 0.07 0.Q2 0.08 0.01 0,01 0.1l 0.Q2 0.02

8 0.09 0.50 0.07 0.22 0.56 0.14 0.06 0.09

7 0.40 0.47 0.33 0.25 0.54 0.05 0.12 0.06

6 0.49 0.48 0.03 0.Q2 0.56 0.03 0.31 0.04

5 0.84 0.70 0.04 0.10 0.53 0.03 0.45 0.04

4 0.67 0.70 0.12 0.44 0.67 0.04 0,44 0.04

3 0.88 0.73 0.20 0.86 0.76 0.Q2 0.62 0.03
2 0.64 0.72 0.33 0.96 0.61 0.03 0.59 0.03

I 0.60 0.68 0.44 0.83 0.49 0.05 0.32 0.05

9CCON4 9CCON8 9BCON4 9BCON8

STOR BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN BEAMS COLUMN

9 0.08 om 0.08 0.Q2 0.D3 0.03 0.07 0.03

8 0.1l 0.30 0.1l 0.48 0.04 0.69 0.09 0.69

7 0.46 0.28 0.46 0.48 0.19 0.66 0.40 0.66

6 0.57 0.35 0.57 0.48 0.23 0.69 0.49 0.69

5 0.87 0.66 0.87 0.70 0.54 0.72 0.84 0.72

4 0.77 0.71 0.77 0.70 0.31 0.83 0.67 0.83

3 0.95 0.77 0.95 0.73 0.42 0.71 0.88 0.71

2 0.74 0.69 0.74 0.72 0.31 0.76 0.64 0.76
I 0.69 0.47 0.69 0.68 0.28 0.83 0.60 0.83
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APPENDIX C

MAXIMUM STORY DRIFTS AND STORY SHEARS

General Notes

1. Tables display the maximum story drifts along with maximum story shears as computed

by the program IDARC. Values are tabulated for 3,6 & 9 story buildings subjected to the

same ground motion.

2. Story drift is expressed as a percentage of story height. Maximum story shear is expressed

as a percentage of total building weight.

3. The values in the rows labelled "max." under the story drift heading represent the maximum

top story displacement expressed as a percentage of total building height. This value should
not be misconstrued to be the summation of story drifts, but should give an indication of

the maximum overall building deflection.

4. The total maximum story shear is presented. Since the maximum building shear occurs

generally at the base of the building, it was not necessary to have this shown again under

a separate heading.

5. Since the level of confinement did not have any significant influence on the drift and shear

values, the separate studies on the effect of confinement are not presented. Instead, only

results from four specific detailing combinations for each building type are presented. As

was discussed in Section 6, confinement is modelled in the program as having an effect on

member ductility and not on strength or stiffness and its effect is primarily seen in the
damage values.

6. Results are tabulated separately for the four ground motions listed below. For discussion

of choice of these ground motions see Section 4.

-1940 E1 Centro (S 00 E): (PGA =0.20 g)

-Artificially Generated Ground Motion: (PGA =0.15 g)

-1985 Nahanni (N 00 W): (PGA = 0.20 g)

-1952 Taft (N 21 E) (PGA =0.20 g)

7. Improved scale illustrations of the four reinforcing strategies are shown in Figures C-l.

Figures shown are for interior beam-column joints. Exterior beam-column joints were

modelled in the same manner (see Section 3).
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Table C-l Maximum Story Drifts ~nd Shears for 3, 6 & 9 Story Frames
(EI Centro, PGA = 0.2 g)

3REAL 3CPR 3DPR· 3JSP
STORY DRIFr SHEAR DRIFr SHEAR DRIFr SHEAR DRIFr SHEAR

(%) (%) (%) (%) (%) (%) (%) (%)

3 1.02 3.54 0.97 3.54 1.06 4.81 0.27 5.48

2 1.16 4.60 1.16 4.65 1.63 7.77 1.04 8.25

1 0.92 5.15 0.90 5.27 1.10 7.25 1.37 9.52-- -- -- -- -- -- --
max* 0.99 0.95 1.18 0.85

6REAL 6CPR 6DPR 6JSP

STORY DRIFr SHEAR DRIFr SHEAR DRIFr SHEAR . DRIFr SHEAR
(%) (%) (%) (%) (%) (%) (%) (%)

6 0.30 1.70 0.20 2.54 1.98 2.64 0.30 3.17
5 1.58 2.09 0.66 3.93 1.75 3.43 0.77 4.04
4 2.67 2.67 1.19 4.68 1.51 3.71 1.16 4.26

3 1.61 3.84 1.10 5.08 1.07 3.61 1.04 4.24

2 1.19 4.35 0.83 4.51 0.95 4.67 0.94 5.21

1 0.44 4.78 0.49 5.16 0.59 5.99 0.59 5.70-- -- -- -- -- -- --
max* 0.76 0.70 1.12 0.72

9REAL 9CPR 9DPR 9JSP
STORY DRIFT SHEAR DRIFT SHEAR DRIFr SHEAR DRIFT SHEAR

(%) (%) (%) (%) (%) (%) (%) (%)

9 0.31 1.28 0.33 1.42 0.68 2.22 0.44 2.31
8 0.44 1.33 0.52 1.58 1.09 2.38 0.60 2.56

7 0.69 1.83 1.36 1.75 0.99 2.77 0.78 3.04

6 0.86 2.01 0.24 2.08 0.83 2.38 1.08 3.06

5 1.12 2.29 0.38 2.70 0.90 2.62 1.00 2.94

4 1.17 2.69 0.63 2.99 0.99 2.92 0.74 3.28

3 1.11 3.09 0.81 3.22 0.90 3.13 0.84 3.40
2 1.15 3.22 0.85 3.19 0.72 3.19 0.70 3.24

1 0.37 4.13 0.28 3.98 0.41 4.15 0.35 3.90-- -- -- -- -- -- -- --max* 0.56 0.40 0.61 0.55

* See General Notes 3 & 4, Pg. C-2 for Explanation.
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Table C-2 Maximum Story Drifts and Shears for 3, 6 & 9 Story Frames
(Simulated Earthquake, PGA =0.15 g)

3REAL 3CPR 3DPR 3JSP

STORY DRIFf SHEAR DRIFT SHEAR DRIFf SHEAR DRIFf SHEAR
(%) (%) (%) (%) (%) (%) (%) (%)

3 0.30 3.13 0.34 3.56 0.31 4.77 0.23 5.08

2 0.53 4.42 0.38 4.25 0.63 5.81 0.38 7.46

1 0.38 5.88 0.40 5.65 0.45 6.25 0.36 8.13-- -- -- -- -- -- -- --
max* 0.33 0.92 0.46 0.30

6REAL 6CPR 6DPR 6JSP

STORY DRIFf SHEAR DRIFf SHEAR DRIFf SHEAR DRIFf SHEAR

(%) (%) (%) (%) (%) (%) (%) (%)

6 0.41 1.86 0.37 1.83 0.15 2.03 0.18 2.45

5 0.67 2.35 1.25 2.43 0.36 2.46 0.28 2.83

4 0.95 2.64 0.76 2.71 0.63 2.81 0.47 3.55

3 0.60 3.36 0.26 3.52 0.67 3.33 0.60 4.07

2 0.52 4.01 0.29 4.44 0.51 4.07 0.66 4.54

1 0.26 4.19 0.21 4.76 0.30 4.46 0.40 4.92-- -- -- -- -- -- --
max* 0.48 0.41 0.38 0.39

9REAL 9CPR 9DPR 9JSP

STORY DRIFf SHEAR DRIFf SHEAR DRIFT SHEAR DRIFf SHEAR

(%) (%) (%) (%) (%) (%) (%) (%)

9 0.17 1.07 0.19 1.07 0.15 1.31 0.17 1.38
8 0.32 1.41 0.62 1.42 0.21 1.53 0.30 2.00

7 0.32 1.74 1.03 1.78 0.27 1.75 0.34 2.22

6 0.40 2.17 0.28 2.54 0.42 2.39 0.34 2.85

5 0.58 2.51 0.29 2.58 0.55 2.28 0.47 2.89

4 0.63 2.28 0.36 2.53 0.52 2.24 0.56 2.50

3 0.53 2.35 0.54 2.81 0.60 2.19 0.58 2.81
2 0.56 2.94 0.56 3.30 0.62 2.78 0.53 3.30

1 0.33 3.21 0.32 3.86 0.39 3.17 0.31 4.00-- -- -- -- -- -- -- --
max* 0.31 0.39 0.32 0.33

* See General Notes 3 & 4, Pg. C-2 for Explanation.
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Table C-3 Maximum Story Drifts and Shears for 3, 6 & 9 Story Frames
(Nahanni, PGA =0.2 g)

3REAL 3CPR 3DPR 3JSP

STORY DRIFT SHEAR DRIFT SHEAR DRIFT SHEAR DRIFT SHEAR
(%) (%) (%) (%) (%) (%) (%) (%)

3 0.31 4.02 0.32 3.90 0.27 5.54 0.21 5.63

2 0.24 4.60 0.22 5.08 0.24 4.79 0.22 5.17

1 0.31 5.46 0.18 5.54 0.22 6.21 0.22 6.29-- -- -- -- -- -- -- --
max* 0.18 0.19 0.17 0.17

6REAL 6CPR 6DPR 6JSP

STORY DRIFT SHEAR DRIFT SHEAR DRIFf SHEAR DRIFT SHEAR

(%) (%) (%) (%) (%) (%) (%) (%)

6 0.41 1.96 0.42 2.04 0.24 2.70 . 0.20 2.58
5 0.38 2.24 0.42 2.37 0.32 2.77 0.31 2.93

4 0.51 2.88 0.59 3.06 0.41 2.94 0.28 3.25

3 0.49 4.30 0.52 4.42 0.21 4.28 0.30 4.44

2 0.38 4.60 0.40 4.72 0.18 4.69 0.30 5.16

1 0.22 4.93 0.30 5.06 0.18 4.97 0.18 5.07 .-- -- -- -- -- --
max* 0.32 0.23 0.36 0.21

9REAL 9CPR 9DPR 9JSP

STORY DRIFT SHEAR DRIFf SHEAR DRIFT SHEAR DRIFf SHEAR

(%) (%) (%) (%) (%) (%) (%) . (%)

9 0.29 1.33 0.36 1.34 0.20 1.98 0.20 1.96
8 0.23 1.49 0.34 1.51 0.17 1.38 0.22 1.72

7 0.22 1.80 0.43 1.79 0.19 1.99 0.29 2.37

6 0.20 2.62 0.22 2.89 0.20 3.06 0.23 3.13

5 0.38 3.04 0.33 3.09 0.36 2.85 0.33 3.53

4 0.53 2.63 0.67 3.19 0.58 2.57 0.56 3.10

3 0.61 2.83 0.90 2.94 0.63 2.78 0.77 3.03
2 0.58 3.40 0.81 3.59 0.62 3.52 0.63 3.91

1 . 0.31 3.15 0.36 3.65 0.35 3.61 0.30 3.81-- -- -- -- -- -- -- --
max* 0.27 0.40 0.27 0.33

* See General Notes 3 & 4, Pg. C-2 for Explanation.
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Table C-4 Maximum Story Drifts and Shears for 3, 6 & 9 Story Frames
(Taft, PGA = 0.2 g)

3REAL 3CPR 3DPR 3JSP

STORY DRIFT SHEAR DRIFT SHEAR DRIFT SHEAR DRIFT SHEAR

(%) (%) (%) (%) (%) (%) (%) (%)

3 1.01 2.90 0.48 2.90 0.51 4.33 0.22 4.85

2 3.06 4.35 2.33 4.31 1.92 6.46 1.01 7.67

1 2.03 6.52 2.14 5.94 2.13 8.71 1.36 9.60-- -- -- -- -- -- --
max* 1.28 1.24 1.42 0.80

6REAL 6CPR 6DPR 6JSP

STORY DRIFT SHEAR DRIFT SHEAR DRIFT SHEAR DRIFT SHEAR

(%) (%) (%) (%) (0/0) (0/0) (0/0) (0/0)

6 0.28 1.63 0.40 1.61 0.64 2.36 0.42 3.15

5 0.90 2.09 2.07 2.09 1.24 3.48 1.04 3.83

4 2.37 2.88 2.65 2.90 1.60 3.83 1.38 4.27

3 1.67 3.93 1.96 4.06 1.72 4.57 1.37 5.55

2 1.11 4.44 1.16 4.63 1.58 4.56 1.20 5.31

1 0.50 5.10 0.81 5.38 0.89 5.55 0.65 5.99-- -- -- -- -- -- --
max* 1.19 1.14 0.99 0.83

9REAL 9CPR 9DPR 9JSP

STORY DRIFT SHEAR DRIFT SHEAR DRIFT SHEAR DRIFT SHEAR

(0/0) (%) (%) (0/0) (%) (%) (%) (%)

9 0.22 1.01 0.40 1.19 0.89 1.71 0.31 2.33
8 0.75 1.33 0.66 1.33 0.97 2.39 0.62 2.82

7 1.17 1.71 1.25 1.78 0.97 2.24 0.67 2.69

6 1.33 1.99 1.53 2.08 1.03 2.07 0.72 2.89

5 1.48 2.24 1.55 2.49 1.19 2.58 0.83 3.04

4 1.29 2.62 1.44 2.50 1.33 3.03 1.06 3.33

3 1.20 3.08 1.34 3.13 1.33 3.19 1.17 3.76
2 1.11 3.58 1.21 3.69 1.13 3.58 1.04 3.92

1 0.48 3.76 0.42 4.19 0.54 3.95 0.54 4.37-- -- -- -- -- -- -- --
max* 0.73 0.55 0.68 0.54

* See General Notes 3 & 4, Pg. C-2 for Explanation.
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