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The objectives of this study are first, to examine
various aspects of the selection and design of steel bracing
systems for the seismic retrofitting of reinforced concrete frame
structures, and second, to study analytically the response of a
steel braced reinforced concrete frame under cyclic lateral
loading.

Concepts are introduced which are useful in determining
a strategy for retrofitting seismically inadequate frame
structures. The main steps of the retrofitting operation are
outlined. The choice of the bracing system configuration is
discussed. The importance of matching the relative deformability
of the frame and the bracing system is demonstrated.

The behavior of a steel braced frame unit under static

lateral loading, both monotonic and cyclic, is studied. The



influence of fhe brace design strength and slenderness ratio is
investigated in a parametric study. Particular attention is
given to frames with strong beams and weak short columns because
such frames are likely candidates for seismic retrofitting. The
possibility of improving the seismic quality of braced framess
with weak short columns by weakening the beams is investigated.
The steel bracing scheme is found to be very well-suited
for retrofitting operations aimed toward strengthening and/or
stiffening reinforced concrete structures with inadequate lateral
resistance, A variety of design objectives ranging from collapse
prevention to drift control can be achieved. The retrofitted
structure can be designed to respond primarily in the elastic
range. Inelastic buckling of the braces is the main problem in
achieving good inelastic cyeclic behavior of the braced frame.
Problems associated with inelastic buckling may be prevented by
using braces which buckle elastically, such as cables, or by

using braces which yield in compression.
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CHAPTER 1

BACKGROUND

1.1 Seismic Retrofitting

Our ability to build seismically safe structures with
adequate seismic resistance has inoreaséd significantly in the
past two decades. One aspect of earthquake engineering which has
received comparatively little attention is the seismic
retrofitting of existing structures. Many reinforced concrete
frame structures built in seismically active areas are expected
to perform inadequately in a seismic event. Reconnaissance
studies following major earthquakes have documented collapse or
severe damage of numerous multistory reinforced concrete frames.
For life safety and for economic reasons, structures expected to
perform inadequately must be replaced or retrofitted.

Wyllie [1] defines seismic retrofitting of an existing
building as "the Jjudicious modification of 1its structural
properties in order to improve its performance in future
earthquakes." The aim of the retrofitting may be to increase the
strength and/or ductility and/or stiffness. The engineering task
of improving the seismic performance of a structure is often
referred to in the literature as "seismic strengthening.” The

fterm "seismic retrofitting” is used in this study because it



better describes a task in which strengthening is only one
aspect.

The most likely candidate for seismic retrofitting is a
building with a satisfactory gravity load capacity, but a
seismically deficient lateral resistance. The lateral resistance
of a structure may be inadequate for various reasons:

— upgrading of the code seismic provisions

— damage in a previous earthquake

— design or construction errors

—~ changes in building occupancy

— additions to the building

Corresponding to the variety of structures and of their
deficiencies, there are many retrofitting techniques. The four
major techniques to improve the seismic lateral resistance of a
space frame are shown in Fig. 1.1.1:

a) Column strengthening -~ The columns lateral capacity

and ductility are increased by steel or reinforced concrete
encasement.

b) Wing walls -~ The columns are strengthened by the
arrangement of cast~in-place or precast wing elements. The goal
is often to produce a better frame failure mechanism by forcing

failure away from the columns into the beams.



Steel bracing

Shear walls

Wing walls

Column jacket

|

Fig. 1.1.1 Rettrofitting techniques



¢) Shear walls -~ Shear walls are created by the

infilling of certain bays, usually bays of interior frames. This
is an efficient way to strengthen and stiffen a building.

d) Bracing system - A steel bracing system is

typically attached on the exterior of the perimeter frames.
Research is needed to evaluate the reliability of the
retrofitting techniques and improve their effectiveness. Design
and construction guidelines must be developed to meet the future
need for retrofitting. In this study the retrofitting schemes
using steel bracing systems is investigated. Much of the
research on seismic retrofitting can be applied to retrofitting
for other types of lateral loading, such as wind loads. Adequate
lateral strength and stiffness are need for wind resistance. For
seismic loading, ductility is an additional consideration for

adequate structural performance.

1.2 Steel Bracing Technique

Braced frames are known to be efficient structural
systems for buildings under high lateral loads such as seismic or
wind loadings. The fact that the lateral resistance of a frame
can be significantly improved by the addition of a bracing system
has led to the idea of retrofitting seismically inadequate

reinforced concrete frames with steel bracing systems. Three



applications of this retrofitting technique are presented in
Section 1.4,

Retrofitting a structure with a steel bracing system is
particularly well suited for multi-story space frames in need of
lateral strengthening and/or stiffening at every story. The
interior frames can be braced, but in general the bracing system
is added to the perimeter frames. Unless specified otherwise, it
is assumed in this study that the bracing system is external.

The bracing scheme has architectural advantages. In the
case of an external bracing system, all or most of the work can
be performed on the exterior of the building. Therefore the
disruption during construction and the loss of room and
accessibility in the retrofitted structure are minimized. This
represents a major economical and functional advantage of bracing
schemes,

Less tangible aspects such as the impact of external
bracing on the aesthetics of the structure must be considered.
The bracing system often damages the appearance of the building.
But if the bracing system is carefully shaped, it can enhance the
aesthetics of the building. The application described in Section
1.3.3 is a good example of a retrofit with a positive aesthetic
impact. The bracing is a visible sign of strength and can be

used to convey a sense of confidence to users.



The main disadvantage of the bracing technique is the
cost. Typically, the bracing system is prefabricated in small
components and assembled on the existing structure. Much work is
necessary to connect the bracing system to the existing
structure., The construction is labor intensive, and fabricated
steel is expensive to install and to maintain. A further
drawback 1is the lack of data and experience supporting the
reliability of the technique.

In many applications the bracing of the building is best
combined with other retrofitting operations. Bracing the
perimeter frames may be used together with column strengthening
in interior frames or the creation of infill shear walls. In the
case of a structure damaged in an earthquake the bracing may be
mixed with a variety of repair and strengthening work.

A retrofitting scheme using a steel bracing system has
many structural advantages:

- The level of strength and stiffness increase can be

tuned relatively easily by the choice of the number and

size of the braces.

- If adequately detailed, satisfactory ductility and

hysteretic behavior can be obtained from the bracing

systemn.

~ The new lateral resisting system can be designed to

carry the entire lateral load. The reinforced concrete



can be relieved of any lateral load-carrying function.
This is particularly advantageous if the frame has a
defective failure mechanism.

~ The designer has adequate control over the flow of
force. Local force concentrations can thus be kept to a
minimum in a good design.

~ The additional mass is small.

1.3 Applications

1.3.1 Sendai School Building. The reported number of

reinforced concrete buildings retrofitted with steel bracing
Systems is low. But the number of applications is increasing as
the need for seismic retrofitting grows and as designers become
more familiar with the advantages of the bracing scheme. The
technique was first used in Japan. In some cases the bracing had
a preventive character while in others it was part of the repair
process of a structure damaged in an earthquake. The Sendai
school building [2] is an example of the bracing of a damaged
structure. A poor design produced perimeter frames with deep
spandrel beams and short columns. Fellowing shear failure of
many columns in the 1978 Miyagi~-Ken-Oki earthquake the perimeter
frames were retrofitted with steel bracing systems. The
configuration of the bracing system is shown in Figs. 1.3.1 and

1.3.2 and the detailing in Fig. 1.3.3. The braces and



putaaTyoxzleox Huroeaqg Tesls ‘uedep {Tooyocg Tepulgs T°€°'1 "bTa




Infilled Wall (t=25cm) % Thickened Wall(at=12cm)
Braces

Steel Braces |

96.0m=@6.0mx16 ‘
: / Moderate Damage

X Severe Damage

W North Facade = —

S| — — i
- pIE LB B -3
. L TS S S :
T e T s
z P ‘
Ji5 S0} SUUONE - SUNR § QU  SURON | SO U £ SRR & SEUUL S NI - SIS | SR {- SN § SR
South Facade
o
———y ' —— r—— —
e ey s e e
- - < =
— ey <
— — e
1 LN i

Fig. 1.3.2 Sendai School, plan and elevation [Z2]




Bored Holes

10

Brace -—1

Spandrel Wall

Base

e N e

H-200x200 2
x8x12

o
*

x ;::Eﬁ
L-Steel restressing

Base Steel Rod
26mm ¢
(40¢)

] ]5*
]

~
Fig. 1.3.3 Detailing of the bracing system [2]
P Unit : mm
50 \V4 Holes 38%— \V/
— O
Spandrel o
320 wall S
620 | o 5-D10
l 24»0 beam —
|
A i H 4-ploe A
ke
11000 } 1000 —

Fig. 1.3.4 Test specimen for testing the spandrél
beam weakening scheme [2] |




12

furiaTyoxlea Huroeaq Teels fAJTD

ODTXOW

N g e

‘6%




1

connections were detailed to guarantee good energy dissipation
under cyclic loading in the inelastic range. The bracing system
and the frame are very well matched in regard to thelr damage
drift levels. The bracing system stiffness compensated for the
large loss of stiffness (% 70%) resulting from the seismic damage
to the columns. The period of the building in the longitudinal
direction was increased from 0.3%4 sec. to 0.53 sec. as a result
of the column damage and reduced to 0.35 sec following the
retrofitting.

It is likely that it was not considered in the design
that the inclusion or deep spandrel walls produced strong beams
and weak short columns. The retrofitting included coring the
spandrel beams to reduce their strength. Experimental tests [2]
on models of the beam column assemblage (Fig. 1.3.4) showed that
coring reduced the positive flexural capacity of the beams by
about 70%. This was sufficient to transfer failure from the
columns into the beams. Weakening thus transformed a weak column
strong beam frame into a strong column weak beam frame with a
ductile failure mechanism. Weakening of the spandrel beams was
possible because of the additional strength and stiffness of the
bracing system.

1.3.2 Durango ggrBuilding. The twelve story medical

building shown in Fig. 1.3.5 was built in the 1970's. It is a

reinforced concrete frame with an asymmetrical floor plan
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(Fig. 1.3.6). The perimeter frames in the narrow direction
feature deep facade beams. During the 1979 earthquake, several
columns and beams of the first three stories were damaged. The
structure was subsequently repaired and retrofitted with two
external steel trusses "in order to reduce the seismic effects on
the affected members” [3]. Except at ground level where the
bracing pattern is different to preserve accessibility to the
building and the underground parking garage, the bays are braced
with an x pattern (See Fig. 1.3.6). Strong steel columns help
the slender structure resist the high overturning moments. The
braces are made of U-shaped sections, and connected as shown in
Fig. 1.3.7. A steel plate connected to the bracing system is
clamped to the beams with post-tensioned bolts. The seismic
forces are transferred to the bracing system through friction.
"The slabs were reinforced in order to transmit the seismic shear
forces to the new very stiff facade" [3]. The foundation had to
be strengthened with new steel piles at the foot of the bracing
system.

Retrofitting was completed in 10 months at approximately
20% of the replacement cost and with minimal disturbance to the
users. Unlike numerous surrounding buildings of similar height,
the retrofitted structure performed very well in the devastating

1985 Mexico City earthquake.
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1.3.3 Zaragoza Hospital. The Zaragoza Hospital (Figs.

1.3.8 to 1.3.11) is another building situated in the seismically
unfavorable lake bed zone of Mexico City. Although the building
suffered only minor damage (light cracking in some of the masonry
walls of the staircase), in the 1985 earthquake it was decided to
retrofit it to reduce the possibility of structural and
nonstructural damage in future events. The retrofitting
operation had to be quick and economical, and had to be
concentrated on the perimeter elements in order to keep the
inside of the hospital clear. The plan of the structure (Fig.
1.3.9) shows that it is a space frame with perimeter shear wails
in the short direction. The designer chose to strengthen the
existing shear walls and to create two strong longitudinal braced
frame by inserting steel bracing units in the bays of the
perimeter frames (Fig. 1.3.10). The prefabricated bracing units
were positioned and concrete was cast between the steel bracing
unit and the existing concrete frame (Fig. 1.3.11). Shear is
transferred by dowels welded to the bracing unit and epoxy
grouted into the concrete frame. The braces are square, bulilt-up
sections designed to yield rather than buckle in compression (the
effective slenderness ratio is k&/r=16). The foundations of the
perimeter frame were strengthened with precast segmental friction

piles. The aesthetic of the retrofitted building is very
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satisfying, the bracing units appear to have besen part of the

original structure.

1.4 Review of Research

1.4.1 Experimental Research on Seismic Retrofitting.

Much of the research on seismic retrofitting has been conducted
in Japan following destructive earthquakes 4, 5, 6, 7, &, 9,
10]. Buildings were retrofitted either to repair damage or to
prevent damage in future earthquakes. Most damaged structures
were low to middle rise buildings with columns which failed in
shear. Many buildings expected to perform as emergency centers,
especially hospitals in case of an earthquake were retrofitted to
satisfy upgraded provisions. For low rise structures, cast-in-
place infilled walls were the most common technique. Wing walls
and column strengthening were used in most other cases. Steel
bracing systems were used in very few cases. Retrofitting
designs were based mostly on engineering judgement. Research was
undertaken to evaluate the various retrofitting techniques and
provide design guidelines.

An extensive experimental test program involving
retrofitting columns and frames was carried out. Most of the
column tests were aimed at improving ductility. Various

techniques for encasing columns with steel and reinforced
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concrete were investigated. Dramatic improvements in column
deformation capacity and hysteretic behavior were attained.

The results of a series of frame tests by Sugano and
Fujimura [4] are presented in Fig. 1.4.1. The frames were one-
third scale, single bay, single story retrofitted using various
techniques and submitted to static cyeclic lateral loading. The
frame infilled with a concrete wall displayed little ductility
but was the strongest and the stiffest. The infilled frame
reached 80% of the monolithic wall strength and more than five
times the bare frame strength. The diagonally braced frames
performed very well. The frame with tension braces displayed the
largest energy dissipation capacity. The frame with compression
braces was somewhat less strong because of sliding in the
connections between the frame and the braces. Sugano [5]
summarized these and other test results in Fig. 1.4.2. The steel
bracing technique is found to "indicate moderate incresases in
strength, but adequate ductility and ability to dissipate
energy." Also, "connection details require careful attention as
they might strongly influence the overall hysteretic response.!
X and k bracing patterns were found to be superior to diamond
patterns [6].

1.4,2 Cyclic Inelastic Buckling of Steel Braces

Experimental Work. Black, Wenger, and Popov [11] investigated

experimentally the inelastic buckling of steel members subjected
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to cyclic axial loading. Normalized axial lecad versus axial
deflection curves for three wide flange sections with an
effective slenderness ratio kl/r of 40, 80, and 120 are shown in
Fig. 1.4.3, The hysteresis curve for a cyclic coupon test is
shown in Fig. 1.4.4 for comparison. Slenderness was found to be
the single most important parameter determining hysteretic
behavior. The stockier brace generated fuller loops than the
more slender ones, Figure 1.4.5 shows deterioration of the
buckling load during inelastic cyclic loading. The envelopes of
Fig. 1.4.6 indicate the influence of kl/r on the compressive load
capacity.

Gugerli and Goel [12] tested a series of wide flanges
and structural tubes under inelastic cyclic axial loading. The
Specimens had rigid connections and covered a range of effective
slenderness ratios from 47 to 87. All buckled in a symmetric
mode similar to a member with fixed ends (k = 0.5). Fuller
hysteresis loops were also observed at lower kl/r values. But
members with lower ki/r experienced more severe local buckling.
Shorter hysteretic fracture life was observed with increased
amount of local buckling.

Analytical Models - Phenomenological models are based

on simplified hysteresis rules that mimic observed behavior.
They are not based on theoretical considerations. The brace

hysteresis behavior is interpreted in Fig. 1.4.7 for
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phenomenological modeling [14]. Several phenomenological models
developed to reproduce cyclic inelastic buckling behavior of
steel braces are compared in Fig. 1.4.8 [13]. Models differ in
the number of linear segments employed to define the hysteretic
curve and in the number and nature of the input parameters. The
fewer the segments the more computationally efficient a model
tends to become. With more segments, the complex hysteresis
behavior can be replicated better. The most refined model to
date has been developed by Ikeda and Mahin [15]; it is based on
the approach taken by Maison (See Fig. 1.4.8)., The model by Jain
[16] was selected for this study because it strikes a good
balance between numerical simplicity and complex experimental
behavior; 1t is described in detail in Appendix A.

1.4.3 Design guidelines for seismic refrofitting. The

Japanese experimental research (See Sec. 1.4.1) lead to the
development of the "Guideline for seismic Retrofitting
(Strengthening, Toughening and/or Stiffening) Design of existing
Reinforced Concrete Structures" [171. The guideline is intended
to complement established Japanese Building Codes. Detailed
design equations and recommendations are provided for the
retrofitting techniques which have been studied most extensively
(infilled walls and wing walls). Only conceptual recommendations

are given for bracing techniques. Some features of the
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guidelines are presented below:
—~ A so-called seismic index Is (described in Sec. 1.4.4)
is used for the evaluation of the seismic adequacy of
structures.
- The retrofitting operation is illustrated in a
strength-ductility plane (Fig. 1.4.9b). An additional
factor of safety of 1.20 for retrofitting problems is
required. The "aim line" is therefore more demanding
than the "pass line".
- Two retrofitting approaches are differentiated and
illustrated in Fig. 1.4.9a. The dashed line is the load
deformation curve of the unstrengthened structure. The
response point is the computed displacement for the
design earthquake. The unstrengthened structure is
considered seismically inadequate since the computed
response displacement is larger than the expected
ultimate displacement capacity.

In the first retrofitting approach the structure
resists the design earthquake by relying on its strength
{(strength resistance type). The structure is brittle
and must remain in the elastic range. The design must
be based on providing ultimate strength larger than the

computed seismic forces. 1In the second approach the
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structure withstands the design earthquake by deforming
in the inelastic range. Large ductility is required
(ductility resistance type). The structure must be
designed for the ultimate displacement capacity to be
larger than the maximum computed displacement under the
design earthquake.

- A general flowchart for seismic retrofitting is
provided (Fig. 1.4.10).

1.0, Seismic Index, Is. Research has been conducted

in Japan in the area of the evaluation of the expected seismic
performance of existing structures. Such research is relevant to
the seismic retrofitting problem since a structure must first be
evaluated to determine its need for retrofitting. Aoyama [18]

has defined the "seismic performance index", Ig, as feollows:

Ig = EgGSpT
where: Eg = basic seismic index
G = geological index
Sp = structural design index
T = time index

EO is the main factor in the computation of Ig; it is a combinead
measure of the strenpgth, ductility, and reliability of the

structure. The influence of ths structure's dynamic properties

can be included in the determination of EO. Procedures of
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varying complexity and accuracy have been developed to calculate
E, for different types of reinforced concrete structures. Tge
geological index, G, takes into account the effect of local soil
conditions on the seismic loading. Unfavorable effects of
unbalanced spatial distribution of strength and stiffness are
accounted for with the structural index, S, The loss of
strength and quality linked with age is introduced through the
time index, T.

Is is a refined measure of the seismic quality of a
structure. Data from extensive field and analytical studies was
used to define a quantitative correlation between the computed
seismic index Ig and effective seismic performance. Most
buildings with Ig smaller than a certain critical value suffered
extensive damage in a given earthquake, while all structures with
Is above that value performed adequately. The seismic
performance of a structure in future earthquakes with similar
characteristics can thus be evaluated by calculating the seismic
index Ig.

A seismic index for retrofitted structures, Isr: could
be introduced and used to set minimum performance requirements
for retrofitting. Ig. could also serve to compare the impact of
various retrofitting schemes on the seismic quality of a

structure. The comparatively large effort needed to determine Ig

should not be viewed as a flaw of the method, but rather as a



36

consequence of the complexity of the seismic evaluation of an
existing reinforced concrete structure. The introduction in the
U.S. of the seismic index would require an extensive calibration
effort. The index would need to be adapted to the different
seismic conditions, building and foundation types, and

construction techniques.

1.5 Object and Scope

This study has two related objectives:

— To examine various aspects of the selection and design

of steel bracing systems for the seismic retrofitting of

reinforced concrete frame structures.

~ To study analytically the behavior of a steel braced

reinforced concrete frame under cyclic lateral loading.

Concepts are introduced which are useful in determining
a retrofitting strategy for a seismically inadequate frame
structure. The choice of the bracing system configuration is
discussed. The importance of matching the relative deformability
of the frame and the bracing system is demonstrated. The study
of the energy dissipation mechanism in the braced frame leads to
the Iinvestigation of ways to improve the hysteretic behavior of
the braced frame by preventing inelastic buckling. Finally, a
flowchart is developed which outlines the main step of the

retrofitting operation.
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The behavior of a laterally lcaded steel braced frame
unit is studied analytically. Monotonic and ecyelic, static,
loading 1s considered. The influence of the brace design
strength and slenderness ratio is investigated in a parametric
study. The braced unit consists of two beams, a column and two
braces. This two dimensional subassemblage models a prototype
frame structure which features weak columns expected to fail in
shear. Particular attention is given to the bracing of frames
with weak short columns because they are likely candidates for
seismic retrofitting. The possibility of improving the seismic
quality of braced frames with weak short columns by weakening the
beams is investigated.

This work is part of a research project entitled "Repair
and'Strengthening of Reinforced Concrete Buildings" is sponsored
by the National Science Foundation. The goal of the project is
to provide data for the development of design guidelines for
seismic retrofitting of existing buildings. In the initial
phase, a large scale model of a portion of the prototype frame
was retrofitted with a steel bracing scheme and tested. The
computer program used in this study was calibrated with the data

from the braced frame test.



CHAPTER 2

SEISMIC RETROFITTING OF INADEQUATE STRUCTURES

2.1 Introduction

Seismic retrofitting is examined qualitatively and
conceptually in this chapter. The evaluation of the seismic
adequacy of a structure is discussed. A structure can be
deficient in strength or ductility or stiffness or a combination
of those properties. The aim of the retrofitting is to correct
or compensate for the deficiencies. Retrofitting of a structure
inadequate in strength and/or ductility is studied.

The seismic response of a structure depends on its
dynamic properties. The most important being the first period of
vibration. The period is a function of the mass and stiffness of
the structure. The mass and stiffness, and therefore the period,
are typically changed as a result of the retrofitting. The
influence of a change in period on the strength requirement is
investigated, first assuming unchanged ductility, then including

changes in ductility.

2.2 Evaluation of the Seismic Adequacy of a Structure

2.2.1 Introduction. A structure is seismically

inadequate if the observed or expected seismic performance does
not satisfy minimum performance requirements. The concept of

seismic inadequacy is simple, but evaluation of the adequacy of a
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given structure is difficult. The expected seismic performance
of the structure must be determined and an acceptable minimum
performance decided on. The evaluation of the seismic adequacy
of a structure combines two distinet tasks:

1) Determination of the structural properties (Sec.

2.2.2), and
2) Determination of the minimum structural
requirements (Sec. 2.2.3).

The first one 1s an engineering task, whereas the second
one involves both non-engineering and engineering considerations.
The seismic adequacy of the structure can be determined by
comparing the structural properties with the structural
requirements. Evaluation of the seismic adequacy of a structure
is the prerequisite to any retrofitting operation. Before
retrofitting an inadequate structure it is necessary to
uniderstand thoroughly the nature and degree of the inadequacy.

2.2.2 Structural Properties of the Existing Structure.

There are two main problems in determining the structural
characteristics of an existing reinforced concrete structure:
— Collecting the necessary structural data is often
difficult. The material properties may not be
available. The amount and detailing of the
reinforcement may be unknown if construction plans

are missing or if the reinforcement was not placed
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according to plans. In the case of a structure
damaged in a previous earthquake, it takes much
engineering judgement to quantify the structural
impact of the damage.

— Nonstructural elements may significantly affect
the structural characteristics. For example,
infill walls can add stiffness and brittle strength
fto the structure,

2.2.3 Structural Requirements for the Existing

Structure. The minimum structural requirements for an existing
structure depend on the required level of safety against human
and economic losses. Defining the required safety means
determining an acceptable risk level, Such a task has
economical, social and political implications. Acceptable risk
levels vary with the structure's function and should be
determined by the owner and the user in accordance with
requirements protecting the public interest. The engineer's role
is primarily to provide the necessary technical data, especially
concerning feasibility, reliability, and cost. If the engineer
participates in the determination of the required seismic safety
he must have a clear understanding of the non—~engineering

dimension of the task. The translation of the safety
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requirements into structural requirements (such as strength,
ductility, and drift requirements) is an engineering task.

When no specific guidelines for the evaluation of
existing buildings are available, the seismic requirements of
building codes for new construction can be used for the
evaluation of existing buildings. There are, however, problems
in using code requirements intended for new design. An existing
structure which does not satisfy a particular seismic code
requirement is not automatically inadequate. For example a
reinforced concrete frame structure may not satisfy code
requirements intended to produce a weak beam—-strong column
structure and may nevertheless, perform adequately under seismic
loading because it has high lateral strength. This leads to the
idea that specific structural parameters need to be developed for
seismic evaluation of existing structures. Such a parameter, the

seismic performance index, Ig, was described in Sec. 1.4.4,

2.3 Inadequate Strength and/or Ductility

From a seismic point of view, strength and ductility can
not be separated, and inadequacy in strength and/or ductility
must be approached as one problem. Ductility is the ability to
maintain strength under large deformations in the inelastic
range. Brittle structures rapidly lose capacity when subjected

to inelastic deformations., The "seismic quality" of strength is



a function of the ductility associlated with it. Because of the
energy dissipation which can be realized, a structure with
ductile strength is seismically superior to a brittle structure,
with similar strength. The higher the ductility, the lower the
strength required to prevent collapse of a structure. Figure
2.3.1a shows qualitatively the influence of the ductility, d of a
structure on its seismic strength requirement R,(d) at ultimate
state. If the structure has no inelastic deformation capacity,
the strength requirement is the elastic design forces. Ry(d)
decreases with increasing ductility. Theoretically, & structure
with very large ductility requires low strength to survive a
ground motion. The displacements, however, will be very large
and unacceptable. Figure 2.3.7a is qualitative because S and d
are qualitative measures of the strength and ductility. Also,
the influence of the natural period on Ru(d) is not considered
(See Sec.le). The strength of the structure and the required

strength R(d) are defined per unit of mass (for reascns discussed

Points A and B in Fig. 2.3.7a represent two structures
which satisfy strength requirements. Structure A has little
ductility and relies on strength to withstand earthquakes whereas
Structure B relies on ductility. The load deformation curve for
both structures is shown in the Fig. 2.3.1b. A strength reliant

structure is designed so that the ultimate strength is larger
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than the seismic forces generated by the selected earthquake. A
reinforced concrete structure with shear walls as the principal
lateral load carrying system is such a structure. A ductility
reliant structure is designed to deform in the inelastic range
and is safe as long as its ultimate deformation capacity is not
exceeded., A ductile moment~ resisting frame is an example of a
ductility reliant structure. Many structures are neither pﬁre
strength nor pure ductility reliant, but combine advantageously
the characteristics of both types by having intermediate strength
and ductility.

Next to surviving a major earthquake without collapsing,
a structure should resist smaller earthquakes with minimal
damage. High ductility, low strength structures tend to undergo
large displacements, even in smaller earthquakes, and the
resulting nonstructural damage may be so important that the
building, although structurally sound, has to be replaced. A
minimum strength requirement, is therefore introduced *to
guarantee adequate behavior in small earthquakes. It is the
serviceability state strength requirement, RS, which is
independent of the ductility (see Fig. 2.3.1). Rg may control
the design of a ductile structure.

The combination of the strength requirement for ultimate
and serviceability states produces a "pass line" which divides

the strength ductility plane into seismically adequate and
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seismically inadequate zones (Fig. 2.3.2). If the point
representing a structure in the strength-ductility plane (S,d) is
below the line of minimum strength requirement R(d), the
structure 1s seismically inadequate., If the point is above the
line, the structure is seismically adequate in strength and
ductility. Figure 2.3.2 thus illustrates the concept of seismic
adequacy. The weakness of such a representation is that it
implies that seismic inadequacy of & given structure can be
uniquely guantified, whereas it is in fact a relative judgment
because the possible seismic performance ranges from no damage to
collapse and the earthquakes from small and frequent to major and
rare, This representation 1s nevertheless useful for the
discussion of the retrofitting of seismically inadequate
structures.

A structure with little ductility risks catastrophic
failure with comparatively little warning if deformations in the
inelastic range are experienced. Because of the unpredictable
nature of seismic loading, it is not possible to guarantee that
the structure will not enter the inelastic range. It is thus
desirable for a structure to have a minimum ductility. If such a
requirement is included in the representation of Fig. 2.3.2, a
zone of the strength ductility plane is defined in which the

structure has adequate but "undesirable strength-ductility".
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2.4 Seismic Retrofitting

2.4.1 Introduction. The goal of a seismic retrofitting

operation is to improve the seismic quality of a structure to a
desired level. This section focuses on various retrofitting
approaches for structures inadequate in strength and/or
ductility. The discussion is simplified by assuming that
strength requirements for the initial and retrofitted structure
are the same. This assumption implies that the effect on the
seismic strength requirement of changes in the structure's
natural period are not considered. The effect of such changes
are studied in section 2.5.

2.4.2 Basic Retrofitting Approaches. Consider a

reinforced concrete structure with strength S° and ductility d©
placing it in the seismically inadequate zone of Fig. 2.3.2. 4
retrofitting operation is aimed at modifying the structure so
that it is in the seismically adequate zone. The strength S©
and ductility d© for the original structure become S and 4" for
the retrofitted structure. Three basic retrofitting approaches
for a structure with inasdequate strength/ductility are shown in

LA,

ny

Fig.
I "Strengthening and embrittlement". Strength
increase (S' > S°) and ductility decrease (dl <

do).
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11 "Strengthening and toughening." Strength increase
(ST > 89) and ductility increase (dT" > d9),

I1T "Weakening and toughening." Strength decrease (s’
< 8°) and ductility increase (d© > d9).

The most common example of Approach I is the addition of
shear walls to a ductile frame. The structure is strengthened
and stiffened but its overall ductility may be reduced. Approach
I is well suited for retrofitting operations aiming at limiting
drifts during earthquakes.

The required strength increase is less for Approach II
than for Approach I because of the simultaneous increase in
ductility. Approach II is well-suited for brittle structures as
demonstrated by retrofitting with a steel bracing system (See
Sec. 4.1) Both the strength and ductility of the brittle
reinforced concrete frame are increased by the addition of steel
braces.

Retrofitting Approach III 1is theoretically attractive
for brittle structures, but rarely practical. Usually, when a
structure is toughened, it is strengthened also (Approach II), as
in the case of brittle column made ductile by an encasing
technique. There are exceptions such as a case where a slight
weakening of some elements of the structure results in a large

increase in ductility (See Chapter 7).
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2.4.3 Optimum Retrofitting Approach. The optimumnm

retrofitting approach is a function of the deficiencies which are
to be corrected. Various retrofitting approaches are shown in
Fig. 2.4.2 for four structures of different inadequacy. All the
points representing the retrofitted structures are located on a
80 called "aim line". This line depends on the desired safety
factor for the retrofitted structure. In each case, one approach
is to improve the structure on a line normal to the 1imit of
acceptability. The "normal line approach" requires the smallest
increase in strength~ductility and is thus theoretically the most
efficient one. Practically, however, it may not be the optimum
solution; alternative approaches are therefore included.

Structure 1 (Fig. 2.4.2) has large ductility, but the
strength must be increased to satisfy serviceability
requirements. The "normal line approach" would consist of adding
ductile strength. But the most economical way to provide the
required additional strength may be to add shear walls, which
reduce the overall ductility.

For structure 2 different retrofitting approaches,
combining changes in strength and ductility, are possible.
Although the required strength increase is significantly more
than for the "normal line approach", adding brittle strength in

the form of shear walls may again be the most economical.
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Structure 3 is a strength reliant structure with
inadequate strength. Retrofitting with brittle shear walls for
example would place the retrofitted structure in the zone of
undesirably low ductility. If this approach is nevertheless
chosen, because it is the most economical or the only feasible
one, the safety margin for the retrofitting technique should be
high to reduce the probability that the structure enters the
inelastic range. It may however be possible to bring this
structure into the desirable strength~ductility zone by combining
strengthening and toughening. Bracing the steel structure with a
ductile steel truss is an example of such retrofitting.

Structure 4 has adequate strength but is very brittle.
The seismic quality of this structure can be significantly
improved by an increase in ductility, no strengthening is needed.
If feasible, Approach III of Fig. 2.4.1 is attractive in such a
situation.

The discussion of various retrofitting approaches for
structures with inadequate strength/ductility can be concluded by
Observing that retrofitting is primarily a strengthening
operation. Substantial toughening of an existing structure is

limited to special cases.
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2.5 Changes in the Natural Period of Vibration

2.5.1 Introduction. The response of a structure to an

earthquake depends on its natural periods of vibration.
Typically, the first mode of vibration controls the response.
The closer the dominant period of the seismic excitation is to
the first natural period of the structure, the higher is the
response. Wherever the frequency content of future earthquakes
is predictable, the design forces are a function of the first
natural period of the structure. The "first natural period T"
is simply referred to as "pariod" in the following. The period
is itself a function of the stiffness and mass of the structure,
T:2wfa7E. The stiffer and lighter a structure, the lower its
natural period.

Retrofitting typically results in a change in stiffness
which, together with changes in the mass, result in a change of
the period. Changes in the period must be considered because
they may modify the strength requirement for the structure, The
effect of changes in the period on the strength requirement for
the retrofitted structure is discussed qualitatively in this
section. It is assumed that a change in stiffness 1s linked with
a parallel change in strength and that the change in stiffness is
larger than the change in mass., This means that a strengthening
operation shortens the period of a structure, while weakening

lengthens the period.
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Figure 2.5.1 shows how the elastic seismic strength
requirement R_(T) varies with the period T. Like R(d) in Sec.
2.3, BRo(T) is defined as a seismic strength requirement per unit
of mass. This typical elastic spectra has three period ranges:
a medium period range of high response, a long period range where
the strength requirement decreases as the period moves away Trom
the resonant periocd and a short period range where the structure
1s too stiff to be excited.

If the structure is allowed to deform inelastically, the
strength requirement for a given earthquake is reduced (Sec.
2.3). Inelastic design spectra can be obtained by modifying the
elastic design requirement. The modification factor is a
function of the available ductility and of the period range. In
the short period range, very high ductility is necessary to
substantially reduce the strength requirement. At first
inelastic behavior increases the response because it brings the
period closer toc the resonant period. Very large inelastic
deformations are necessary to move the structure to the range of
lesser response. A structure in the short period range is
therefore designed to remain elastic, and ducility - i.e.
inelastic deformation capacity ~ does not affect the seismic

strength requirement in this range.
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In the medium and long period ranges ductility
significantly reduces the ultimate strength requirement. MNewmark
[19] set the inelastic strength requirement in the medium period
range at 1//§Et7~of the elastic requirement and at 1/p in the
long period range, where u is a measure of the ductility. Figure
2.5.2 shows qualitatively the derivation of an inelastic design
spectra from a elastic one for two values of the ductility d.
The inelastic strength requirement Ry((T) is for a system of low
ductility. Curve Rqo(T) is for a system of high ductility such
as a ductile frame. For high ductility values the shape of the
inelastic spectrum is such that the lower the period, the higher
the required strength., If limit state design is used, an elastic
design speétra for a small earthquake may be used for the
serviceability state and an inelastic design spectrum, derived
from the elastic design spectra for a strong earthquake, may be
used for the ultimate state. The structure must then satisfy
both the elastic and inelastic requirement. The inelastic
requirement is used in the discussion of the influence of changes
in the period on the strength requirement.

Figure 2.5.3 illustrates that the seismic adequacy of a
structure with strength S depends on its period T. The structure
has adequate elastic strength if the point (S,T) is above the

inelastic strength requirement line R4(T). If the point is below
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the line, the structure is seismically inadeguate and a candidate
for retrofitting. The gecal of retrofitting is to move the point
(S,T) representing an inadequate structure into the zone of
adequate strength. The strength and natural period (8°,T°) of
the original structure becomes (S', T') for the retrofitted
structure, Since the strength requirement for a structure
depends on its period, the effect of a change in period from T®
to T' must be considered. This is discussed first for the case
of a shortening of the period (TV<T®) (Sec. 2.6.2) and then for a
lengthening of the period (T'>T®) (Sec. 2.6.3). For
simplification, it is assumed in hoth cases that the ductility of
the original and retrofitted structure are the same (d'=d%=d), so
that the strength requirement is unchanged (Ryr(T)=R4o(T)=R4(T)).
The effect of a change in ductility is included in section 2.6.4.
A retrofitting operation with a change in strength, ductility and
period is illustrated (8F#S9, a"#d®, T #79).

2.5.2 Shortening of the Natural Period. Most

retrofitting operations involve stiffening the structure and
result in a shortening of the natural periocd. The shortening may
result in a smaller seismic strength requirement, and thus be
desirable, or in a higher requirement, and thus be undesirable.
Figure 2.5.4 illustrates & situation with an undesirable
shortening of the period. The inelastic strength requirement for

the structure is incréased as a result of the retrofitting. If
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this effect is overlooked, the seismic safety of the retrofitted
structure will be significantly less than expected. In theory,
it is even possible to imagine a case where a structure would be
seismically less safe after retrofitting because the strength
increase would be less than the increase in seismic forces.

Fig, 2.5.5 illustrates a situation where shortening the
period is desirable. The period of the structure is moved from
the zone of high response to a range of lesser response thus
reducing the elastic strength requirement. This reduction
combined with the sfrength increase significantly improves the
seismic quality of the structure.

Mexico City offers many examples of structures for which
a shortening of the natural period would be desirable. A number
of 10 to 20-story reinforced concrete frames founded on soft soil
have a natural period close to the critical period of vibration
for Mexico City earthquakes (T,.;¢ about 2 sec.). The seismic
forces could be substantially reduced by shortening the period
away from the resonant period range. The bracing of the building
described in See, 1.3.2 is an example of retrofitting which
shortened the period to a more favorable period range.

Retrofitting which relies on the stiffening of a
structure to reduce the seismic force requirement is to be

approached carefully. If the structure enters the inelastic
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range it loses stiffness and the improvement could be canceled.
Therefore, a retrofitting scheme moving a structure into the
short period range must be designed to resist even strong
earthquakes elastically.

2.5.3 Lengthening of the Natural Period. The structure

and the local seismic conditions are often such that lengthening
the period reduces the seismic forces. One way to lengthen the
natural period of a structure is to reduce its stiffness by
taking away or softening the stiffer members of the lateral
resisting system; this weakens the structure. In general the
negative aspect of weakening and softening override the
advantages of the change in period.

One way to lengthen the natural period of an existing
structure could be to apply the concept of "base isolation" to
retrofitting. The idea is to place the building on elastomeric
bearings which isolate the structure from lateral ground motions.
A retrofit using base isolation has the advantage of making the
building seismically safe with retrofit work limited to the
foundation level. The building itself may not need to be
altered. However, base isolation has not been commonly as a
retrofitting technique, thus leaving its reliablility and its
economical and technical feasibility unproven [20].

In summary, it can be said that the problems linked with

the reduction of the lateral stiffness of an existing structure



make lengthening its natural period an unlikely way to improve
its seismic behavior.

2.5.4  Change in Strength, Ductility and Period. 1In

Section 2.4, the passage from the original to the retrofitted
structure was shown in the strength~ductility plane and the
effect of a change in the period of the structure was not
considered. In Sections 2.5.2 and 2.5.3 the strength-period
plane was used and the ductility was assumed to remain unchanged.
An example 1s discussed here where a change in all three
parameters — strength, ductility and period - is considered. The
two representations used earlier are combined to illustrate the
retrofitting operation.

Consider a retrofitting operation like the one
illustrated with Curve II of Fig. 2.4.1b. The structure is
strengthened, toughened and stiffened so that S'>89, d">d® and
T'>TO,  The retrofit is shown in the strength-ductility plane in
Fig. 2.5.6a. Because of the change in the period from TO to TV,
the required strength curves for the original and retrofitted
structures are different (Rpo(d)#Rrr(d)). The same operation is
illustrated in the strength-period plane in Fig. 2.5.6b. The
shortening of the period is undesirable and results in a higher
strength requirement for the retrofitted structure [R(d",T") >

R(d©,T®), The increase in required strength due to the
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shortening of the period is partly compensated by the improvement
in ductility.

This example shows that in terms of strength, the
retrofitting aim depends on how the retrofitting scheme affects
the ductility and the period. The retrofitting operation
shown in Fig. 2.5.6a and b is best illustrated in a three
dimensional space with axes for strength, S, ductility, d, and
period, T and where the strength requirement is représented by

surfaces R(d,T).

2.6 Change in Mass and Damping

2.6.1 Change in Mass. The seismic strength requirement

for a structure is proporticnal to its mass. In aretrofitting
operation, the mass is changed (typically increased) and so is
the required strength. This means that a structure is only
effectively strengthened by retrofitting insofar as the strength
is increased more than the mass, it is effectively weakened
otherwise. Any strength increase has to be compared with the
mass increase. In most situations a light retrofitting scheme
(such as a bracing system) has a definite advantage over a
heavier scheme (using reinforced concrete infill walls, for
example)., A lighter system is also better for the foundations.
In the previous sections, R(d) and R(T) were defined as

strength requirement curves per unit mass. They are not affected
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by changes in mass resulting from the retrofitting. Changes in
strength, S, are per unit of mass, any change in S is therefore
an effective change in seismic resistance.

I1f shear walls or bracing systems are used, it is
particularly important to consider the increase of mass in the
direction perpendicular to the plane of the retrofitting system.
In the perpendicular direction, the strength is not increased,
but the seismic forces are. It must, therefore, be checked that
the retrofitted structure can resist the increased seismic forces
in that direction.

2.6.2 Change in Damping. The energy dissipated by

inelastic deformation is the primary source of damping in a
reinforced concrete structure during an earthquake. The area
within the hysteretic loops of the force-resisting components is
a measure of the inelastic damping. From a dynamic analysis
perspective, changes in the hysteretic ductility (i.e. in the
inelastic deformation capacity under cyclic loading) of the
structure are therefore changes in the inelastic damping
characteristics. The influence of changes in ductility on the
strength requirement is discussed in Section 2.4. Ir
retrofitting increases the ductility, and thus the inelastic
damping, the seismic response of the structure is improved and

the required strength decreases.
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Increasing the elastic damping could be favorable for
serviceability state design. Typical retrofitting techniques do
not significantly affect the elastic damping characteristics of a
structure. One way toc increase the elastic damping is to
introduce dampers, or dash pots. Such devices have been used
with success in new structures to reduce the response of
structures to wind excitation and can be used for seismic loading
also [21]. But use of dampers for aretrofitting operation has

not been reported.



CHAPTER 3

RETROFITTING WITH A STEEL BRACING SYSTEM

3.1 Bracing Pattern and Configuration

3.1.1 General. The following three terms are used in
this section in discussing the layout of a bracing system for
retrofitting a frame structure:

- Bracing spatial distribution refers to the

distribution of the braced frames within the building
(Sec. 3.1.4).

— Bracing configuration refers to the distribution of

the braced bays in the plane of the frames (Sec. 3.1.3).

— Bracing pattern refers to the gecmetry of the braces

within a braced bay or a group of braced bays (Sec.

3.1.2).

The selsction of the bracing spatial distribution,
configuration and pattern is a critical component of the design
of a braced retrofitting scheme. Structural, architectural and
construction considerations are basic to the selection. From a
structural point of view, it is usually desirable to distribute
the required increase in strength and stiffness as evenly as
possible throughout the structure. It is, however, necessary for
construction reasons to limit the number of bracing members and

cennecticons., This means limiting the number of braced bays. A
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change in the stiffness distribution within the structure results
in a new load path which may overload some of the members of the
existing structure. The designer must thus control the effect of
the change in the strength and stiffness distribution on the
seismic forces in the unstrengthened parts of the structure. For
example if the top story of a building is left unbraced an
earthquake may generate higher forces in this story than if the .
structure were not braced at all. The bracing may create new,
undesirable, weak links in the building.

Architectural considerations are important in the choice
of a bracing geometry. Possible loss of space and accessibility
influences the choice of what bay to brace, and what bays to
leave unbraced. For an exterior bracing system the impact of the
retrofit on the aesthetic value of the structure depends on its
configuration.

3.1.2 Bracing Pattern. Four common patterns used in

braced frames are presented in Fig. 3.1.1.

X-Bracing Pattern. X~-shaped patterns are the most

common because of their structural simplicity and ease of
fabrication. Pattern 1 tends to be superior to Pattern (2) for
two reasons. First, in many reinforced concrete frames the
interstory height is abeut half the column spacing. In such a
geometry the braces of Pattern 1 are inclined at about k5¢, and

are therefore more efficient in providing strength and stiffness.
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Second, Pattern 1 features a smaller number of members. This
reduces construction costs and also means less visual obstruction
of windows in the case of an exterior bracing system. Pattern 1
of Fig. 3.1.1 was proposed for retrofitting the prototype
structure on which experimental test was based (See Sec. U4.1.4).
It is the bracing pattern used for the rest of this study.

Diamond-bracing Pattern. This pattern is identical to

Pattern 2 except that it is connected at the beam midspan and the
column midheight instead of the beam- column joint. This
typically reduces the buckling length of the braces, which can be
considered fixed at both ends. This pattern also has aesthstic
advantages when used as an exterior bracing pattern. It is,
however, seldom used because of the large construction effort
required to connect the bracing system to the frame, Also, there
is the risk with such a bracing pattern of introducing an
unwelcome horizontal force in the column at midheight.

K~-bracing Pattern. This pattern can be seen as a

modified pattern 1. The braces are inclined with the same angle
and have the same buckling length, but they are not continuous
from one story to another. This modification has negative
structural consequences: if the load in the two braces of a bay
are different, there is a resulting vertical force acting on the

beam at midspan. Such an unbalance can occur in the inelastic
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range for example, when the compression brace has buckled and the
tension brace has yielded. For braces with a high slenderness
ratio the difference in post—-buckling and yielding capacity is
large, resulting in a large downward oriented force on the beam.
In a retrofitting situation, this force is undesirable because it
probably was not accounted for in design. This pattern is
therefore not recommended for retrofitting operations, especially
for braces with a high slenderness ratio.

Eccentric—-Bracing Pattern. It has been shown that

eccentrically braced steel frames can display, if proportioned
adequately, very favorable seismic behavior. The favorable
selsmic behavior relies on inelastic deformations in so-called
"shear links" in the beams. The shear links are detailed for
good energy dissipation under hysteretic shear loading. The use
of eccentric bracing for the retrofitting of reinforced concrete
frames is problematic. The beams of an existing reinforeced
conerete building cannot be used to develop shear links. It
becomes necessary to provide horizontal steel members to protect
the reinforced concrete beams. The advantage of using the
existing reinforced concrete beams as horizontal members of the
braced frame thus disappears.

3.1.3 Configuration of the Bracing System.
Retrofitting a frame of a multistory building may not require the

bracing of all bays. The designer thus has freedom in the choice



of a bracing configuration. Consider for example the prototype
structure described in Sec. 4.1. The longitudinal frames have
eleven bays and seven stories. The story height is 10 ft, the
column spacing is 21 ft, except for the 2 end bays where it is 19
ft 6 in. A possible retrofitting scheme for this seismically
inadequate structure is bracing its perimeter frames; six
alternative configurations are presented in Fig. 3.1.2.

Configuration 1. The 5 center bays of the frame are

braced at every story. The number of braced bays depends on the
strength and stiffness requirement for the bracing system. The
bracing system should preserve the symmetry of the frame. It is
often advantageous not to brace the two end bays. The main
reason is that it is common for the two end spans to be shorter
than the intermediate ones. The bracing geometry of the end bays
would therefore be different from the rest of the structure,
which would have structural and construction disadvantages. A
further reason is that an interior column of the frame can better
help carry some of the overturning forces than the exterior
columns of the bracing system. First, because a frame interior
column carries the gravity load from two half bays, instead of
cne for an exterior column, and can thus better help resist

uplift forces. Second, because in a typical frame, the outermost
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columns resist greater vertical forces from frame overturning
moments than the interior columns.

Configuration 2 This configuration is similar to the

first one except for the distribution of the bracing system in
two separate halves. This has the structural advantage of a
better distribution of the strength and stiffness in the plane of
the frame.

Configuration 3 Because of its pyramidal shape, this

bracing system may satisfy the seismic strength requirement more
efficiently. The bracing system decreases in strength at higher
story levels where the seismic story shear is less. This can
also be done with other configuration by decreasing the brace
section, but it is preferable for structural and construction
reasons to have only one brace size. Also, in this
configuration, no columns are necessary in the bracing system to
carry overturning forces. Finally, this configuration may be
aesthetically superior.

Configuration 4. This configuration combines the

advantages of the two previous ones. Splitting the bracing
System in two halves allows a good planar distribution of the
strength increase. The vertical distribution of the strength of
the retrofit system typically corresponds very well to that of
the diagram of design story shear. This configuration may also

be attractive architecturally. Bracing the two end bays may be
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disadvantageous for the reasons mentioned above, If this is a
problem, the two halves of the bracing system can be moved
inward.

Configuration 5. In this configuration the braced and

unbraced bays alternate in a "checker-board" fashion. This
allows a better distribution of the strength than Configuration 1
for example. The main structural disadvantage of this
configuration is that lateral loads introduced at the sescond,
fourth and sixth floors result in axial loading of the interior
columns. Because of this axial load the columns may need to be
strengthened with vertical members.

Configuration 6. As for the previous case, in this

configuration the strength increase 1s distributed over the
entire frame and a minimum number of members is needed. Every
bay is braced, but with one brace only. Unlike Configuration 5,
this bracing system doces not generate axial load in the interior
column when subjected to lateral loading in the inelastic range.
For structural and aesthetic reasons, this configuration is only
well suited for a frame with an even number of bays and stories.
it is therefore illustrated for a frame with twelve bays and six
stories.

3.1.4 Spatial Distribution. An adequate spatial

distribution of the bracing system helps limit the amount of
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torsion on the structure during an earthquake. Keeping the
torsional eccentricity to a minimum should be a primary goal in
retrofitting. It is, in this respect, best for the retrofitting
scheme to maintain whatever symmetry the structure has, so that
the structure's center of torsion and center of mass coincide.
The further apart the braced frames, the greater the improvement
of the torsional strength and stiffness of the structure. The
designer of the retrofitting system for the Mexican structure
presented in Section 1.3.2 chose to brace the two perimeter
frames., This maintained symmetry and significantly increased
torsional strength and stiffness.

If only the exterior frames are strengthensd, the slabs
have to carry part of the seismic shear from the interior frames
to the exterlior frames. The slabs have probably not been
designed and detailed for this diaphragm function. They may
suffer damage from the additional in-plane shear and bending. If
the slabs are not stiff and strong enough, their distortion is
such that the interior frames deform considerably more than the
exterior ones (See Fig. 3.1.3). This may be the case with waffle
slabs for example. Retrofitting may thus fail to prevent damage
to the interior frames. A possible remedy to this problem is to
strengthen the slabs so that they can transfer the required loads
from the interior frames to the exterior ones with minimum shear

or flexural distortion, Such slab retrofitting is often
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impractical or very expensive. An alternative is to complement
the bracing of the perimeter frames with the strengthening of one
or several interior frames, Interior frames can be strengthened
with a bracing system also, but in most cases it is probably
better to use shear walls or column strengthening techniques. A
mixed retrofitting scheme using a bracing system on the perimeter
frames and another retrofitting technique for the interior frame
may be a good solution for large frame structures in need of

extensive improvement.

3.2 Modeling a Braced Frame

3.2.1 Exact Model. Consider the steel braced
reinforced concrete frame of Fig. 3.2.1a. A model of the braced
frame under lateral loading is shown in Fig. 3.2.1b. The
connections between the frame and the bracing system are rigid
connections, 1i.e. moment connections. They impose compatibility
of displacements and rotations between the braces and the frame
at the joints. The deformed shape of the braced frame in the
inelastic range is shown in Fig. 3.2.1c. The frame columns and
beams deform primarily in flexure and therefore in double
curvature. The brace behavior is dominated by axial loads, but
as a result of the rotation compatibility at the joint, the

braces experience double curvature deformation in the elastic

range. In the inelastic range tension brace B yields and
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Fig. 3.2.1 Modelling of a braced frame



compression brace B2 buckles. The main effect of the rotation
compatibility at the joint is the end restraint provided to the
brace. The buckling length is significantly reduced in
comparison to thes unrestrained case. Tests show that the
buckling shape cf the brace is close to the fixed end case.
Therefore, the k factor for the effective buckling length is
close to 0.5.

3.2.2 Approximate Model. An approximate model for the

braced frame of Fig. 3.2.1a is presented in Fig. 3.2.2. The
frame and the bracing system are separated and coupled with a
pinned bar. The coupling of the two systems with a pinned link
bar only reproduces the lateral displacement compatibility. The
compatibility of rotations between the members of the bracing
system and the beam column joints is not reproduced. The model
is, therefore, only approximate.

The main effect of the rotation compatibility is the end
restraint provided to the compression brace. This effect can be
accounted for in the approximate model by reducing the buckling
length of the braces. The effective buckling length factor k can
be evaluated by comparing the flexural stiffness of the beam
column joint and of the braces. The other effect of the rotation
compatibility is the contribution of the braces to the rotational

stiffness of the braced frame joints. This effect 1s not
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accounted for in the approximate model. In most retrofitting
cases, however, the ratio of the flexural stiffness of the steel
braces to that of the reinforced concrete beams and column 1is
small,. In such a case, neglecting the contribution of the
flexural stiffness of the braces to the braced frame lateral
stiffness is not very significant. A good approximation of the -
braced frame behavior can be obtained with the approximate model.

The advantage of the approximate model 1is its
simplicity. "Frame action" and "truss action" are clearly
separated (See Fig. 3.2.2b). The frame resists lateral loads by
developing flexure and shear in its members. The bracing system
lateral resistance is based on axial forces in the braces. The
lateral load—-drift curve of the approximate model is obtained Dy
superposition of the load-drift curve of the frame and bracing
system. Figure 3.2.2 illustrates the principle of superposition.
The load is distributed to the two systems according to their
lateral stiffness. The principle of superposition is valid
because the two systems are coupled in statically determinate
fashion. 1In the exact model of Sec. 3.2.1, the two systems are
coupled in a statically indeterminate way.

The approximate model is used in this study to
investigate braced frame behavior qualitatively. The exact model

is used when quantitative load drift response is studied.
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3.2.3 Overturning forces of the Bracing System.

Consider a bracing system composed of three bays with identical
braces. Figure 3.2.3 shows this truss under lateral loading. At
the foundation level overturning generates an uplift force, T, at
one extremity of the frame and a downward force, C, at the other
end. The intermediate foundations are not loaded. The
foundation forces T and C for a bracing system with m stories and

n bays can be calculated as follows:

m T, C: Upward and downward forces
due to overturning
L Hyohy .
J=1 Hj: Overturning force
T=C=
n hj: Height above foundation
Z 1; level of H;

J

l;: Column spacing

The higher and the narrower the bracing system, the higher the
overturning forces on the foundations.

Only the exterior vertical members of the truss of Fig.
3.2.3 are loaded. The interior columns are not loaded beczuse
the forces in the compression and tension brace are equal and
compensate each other at the joint. Bracing systems used in
retrofitting operations often feature external steel columns
because the overturning forces from the br&ciﬁg system are too

large to be carried by the columns of the existing frame.
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The axial load on the interior columns of the truss is
not zero in the inelastic range. Typically the brace post
buckling capacity is smaller than its tensile yield capacity, in
which case verticsl components do not cancel. If the vertical
resultant is too high to be carried by the column of the existing
frame, it is necessary to include vertical steel members in the
bracing system. But if the maximum possible vertical resultant
can be carried by the existing reinforced concrete column, a much
simpler bracing scheme can be designed. The columns of the
existing structure can be used as vertical members of the bracing
system. By keeping the brace slenderness ratio low, buckling of
the compression braces is delayed or prevented and a large
imbalance of compression and tension forces in the bracing system
does not occur. Low slenderness increases the probability that
interior vertical elements will not be necessary in the bracing

system.

3.3 Deformability of the Bracing System

The question of the optimum deformability or damage
drift level of the bracing system for a given reinforced concrete
frame is investigated qualitatively.

The drift 6f is defined as the drift level at which a
reinforced concrete frame suffers unacceptable structural damage.

sf varies from one frame to another. The lateral load-drift



e}
(o)}

curve of Fig. 3.3.1 (solid line) is for a reinforced concrete
frame with short columns like the prototype structure (Sec.
4.1.1). For the prototype structure §f is the drift at which the
columns fail in shear and the peak lateral strength is reached.
In this case, interstory drift §f is small, about half a percent.
In & ductile frame 8 would be larger.

The load~-drift curve of the bracing system for
retrofitting is also plotted in Fig. 3.3.1. For simplification
it is assumed that the compression and tension braces buckle and
yield simultaneously at drift &bs when the bracing system enters
the inelastic range. This is a reasonable assumption for low
kKo/r ratios. As will be seen in Sec. 6.4, it is desirable for
the bracing system to remain in the elastic range under the
design seismic loads. Drift, &bS, is like 6f for the frame, the
drift of unacceptable damage as well as the peak strength drift
for the bracing =ystem. sbs and 6f can be interpreted as
messures of the deformability of the bracing system and the
frame.

In the retrofitting operation, the bracing system is
attached to the frame and a braced frame is produced. As was
established in Sec. 3.5 and confirmed by the anaslytical study
(Sec. 6.1), 2 good approximation of the load-drift curve for the

braced frame can be obtained by superposition of the load-drift
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curves for the frame and bracing system. Superposition is used
in Fig. 3.3.1 to obtain the braced frame load-drift curve., If
the "serviceability strength" is defined as the strength which
can be mobilized without significant structural damage, the
serviceability strength for the braced frame is the strength at
the smallest of the drifts §PS and §f. Figure 3.3.1 shows the
influence of the relative values of 695 and ¥ on the
serviceability strength Rg and the peak or ultimate strength Ry
of the braced frame, for three values of §DS,

1) Damage Drift Level §bPS Larger than gf. Only half of

the bracing system elastic strength is mobilized when the frame
reaches its peak strength. As a result the frame suffers heavy
structural damage before the bracing system lateral resistance is
fully used. The serviceability strength Ry is low. The bracing
system is inefficient in protecting the frame against lateral
overload because its deformability does not match frame
deformability.

2) Damage Drift Level §P5 Somewhat Smaller than st

When the bracing system enters the inelastic range, most of the
frame lateral strength is mobilized and contributes to the
overall lateral strength. Both systems enter the inelastic range
in parallel the serviceability strength RS of the braced frame is
maximized. The two systems are well-matched in their lateral

deformability,



3) Damage Drift Level QEE Much Smaller Than §£' The

bracing system reaches the inelastic range and peak strength
before the frame can contribute significantly to the latera
resistance. The frame is well protected against lateral
overloading but the two systems do not work together. As a
result, the braced frame has low serviceability and ultimate
strength.

Figure 3.3.1 shows thet the bracing system should not be
designed on the basis of strength only. The relative
deformability of the bracing system and the frame should be
considered in order to avoid an unfavorable failure sequence of
the braced frame. To prevent substantial damage to the frame,
damage drift level §P% should not be greater than sf. The braced
frame serviceability and ultimate strength is maximized if §bs
and &f are equal. It is, however, desirable to design a bracing
system with a damage drift level 6P8 somewhat smaller than sf.
The resulting small loss of braced frame strength is outwelghed
by the additional margin against overlcading the frame. If the
bracing system deformability is much less than the frame
deformability, the braced frame is not optimum in terms of
strength and composite action. When the two systems are well
matched, most of the lateral strength of the retrofitted

structure is mobilized with only minor cracking of the frame.
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The retrofitted frame remains basically elastic until the peak
strength is reached, so that the serviceability strength is
maximized.

If the two systems are ill-matched in their
deformability the designer should consider changing the bracing
system §bs (changing sf' is difficult since it implies modifying
the frame). For a given bracing configuration and brace
slenderness 6PS is independent of the brace strength. To change
§D35 the configuration and/or the slenderness must be changed. If
this is not possible or desirable, the bracing system must then
be carefully designed to insure proper performance, If 6b5>6f,
only the part of the bracing system strength which is mobilized
at drift 6f can be used in the design of the bracing system. If
§08<¢<sT the frame does not contribute significantly to the
elastic strength of the braced frame, the bracing system must
carry the entire design lateral load.

Matching bracing system and frame deformability could
also be expressed in terms of stiffness. But the stiffness of
the reinforced concrete frame is not uniquely defined in the
drift range preceding 6f, so that damage drift level st would
have to be introduced anyway to define a secant stiffness. It is
interesting, however, to look at the implication of the matching
criteria for 6PS on the required bracing system stiffness.

Figure 3.3.2 shows that the stronger the bracing system, the
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greater the.required stiffness for the bracing system to attract
its share of the load. The general principle can thus be
formulated that the relative ratio of the stiffness of the two
systems should be about the same as their relative strengths,

This guarantees that the two systems enter the damage drift range

at about the same drift level.

3.4 Energy Dissipation in the Bracing System

The impact of seismic retrofitting on the energy
dissipation capacity (i.e. ductility) of a structure is of
primary interest in seismic applications. The energy dissipation
mechanism of the bracing system must be studied.

Ductile members failing in flexure exhibit good energy
dissipation capacity. They develop flexural hinges in which much
energy is dissipated by the gradual yielding of the steel.
Ductile frames have high energy dissipation capacity if detailed
adequately. In a bracing system the energy dissipation capacity
has to be provided by inelastic deformation of the braces under
axial load. Consider the braced frame of Fig. 3.4.1. There is
energy dissipation in both braces when the structure is subjected
to lateral deformation in the inelastic range. The load
deformation curve of a brace under monotonic axial compression
and tension is shown in Fig. 3.4.1b. The area under the load

deformation curve is the energy dissipated by the braces,
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Tests show that tension braces exhibit good energy
dissipation capacity. Yielding develops in a section of the
brace and the zone of yielding spreads with increased elongation
because of strain hardening. Large elongations can be reached
before failure if the connections are adequate. In compression
the brace typically exhibits limited energy dissipation capacity.
If the brace is prevented from buckling and yields, the energy
dissipation in compression is similar to that in tension, but in
most cases the brace buckles and loses capacity with increased
axial deformation, The higher the slenderness ratio, the more
pronounced the buckling behavior and the smaller the energy
dissipation capacity. Compression braces with slenderness ratios
above 100 contribute little to the energy dissipation capacity of
the bracing system.

It is the energy dissipation capacity under repeated
cyclic loading ("hysteretic ductility” in this study), rather
than under monotonic loading, which is important. The hysteretic
behavior of the braced frame is more relevant than the monotonic
behavior for the seismic performance. In a well-detailed ductile
frame the favorable energy dissipation capacity under monotonic
loading is maintained under repeated cyclic loading. For the
bracing system, the cyclic loading case 1s much more severe than
the monotonic case because the braces switch from compression to

tension and vice versa. In the inelastic range, they may undergo



several cycles of buckling and yielding, a kind of low cycle
fatigue with large local deformations. The repeated passage from
puckling to yielding can lead to failure of the connections or
braces.

The study of the energy dissipation capacity of the
bracing system shows the importance of making the distinction
between "material ductility" and "system ductility.,” In the case
of a steel bracing system, the material hysteretic ductility is
excellent, but the system ductility may be significantly less
favorable. This is illustrated by the comparison of the
hysteresis loops of a brace with those of a coupon from the same
brace (See Figs. 1.3.4 and 1.3.5). The difference is the result
of the influence of the structural geometry of the system on
ductility. In a material test the steel yields in compression
whereas the steel braces of the bracing system buckle 1in
compression. The buckling has a double negative effect on the
system ductility. First, the energy dissipation in the
compression brace 1is substantially lower in buckling than
yielding. Second, buckling can, under repeated load reversals,
lead to failure and terminate the energy dissipation of the brace

in tension.
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3.5 Flowchart of the Retrofitting Process

3.5.1 Decision to Brace a Structure. The main steps in

the process leading to retrofitting a structure with a steel
bracing scheme are outlined in the flowchart of Fig. 3.5.1.

The evaluation of the seismic adequacy of the structure
(Step 1) consists of comparing the seismic performance
requirements with expected behavior under seismic loading. This
is a difficult task which requires much engineering judgment and
include nonengineering considerations (Sec. 2.1). If the
structure is found inadequate (Step 2), a responsible owner must
choose between retrofitting or replacement (Step 3). If the
retrofitting alternative is chosen, the "aim of the retrofitting"
in terms of strength, stiffness and ductility of the retrofitted
structure is defined (Step #4). The aim of the retrofitting
depends on the structural characteristics and deficiencies of the
structure (see Sec. 2.4). The selection of a retrofitting scheme
(Step 5) is based on economy, constructibility and aesthetic
quality. Disruption of usage during and after the retrofitting
operation is an important consideration also. The rest of the
flowchart is for the case where a steel bracing system best meets
the structural and nonstructural requirements. Bracing may be
combined with other retrofitting techniques.

3.5.2 Design of the Bracing System., The choice of the

bracing system (Step 6) configuration includes selecting frames
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and bays to be braced and selecting the bracing pattern (see Sec.
3.1). For this choice, the three-dimensional response of the
retrofitted structure must be considered. The introduction of
torsional eccentricities in the plan of the structure or within
the braced frames should be avoided. Also, it must be considered
that in the direction perpendicular to the bracing, the lateral
resistance is not increased, but the seismic forces are because
of the ingcrease in mass. Changes in force distribution in the
existing structure must be checked to avoid overloading certain
members, or creating local force concentrations.

Once a configuration has been chosen, the bracing system
can be designed and detailed (Step 7). To maximize the drift
range in which the braced frame responds elastically, the
bracing system and the frame should be matched in terms of their
relative deformability (Sec. 3.3). If columns function as
vertical elements of the bracing system, they must be checked for
their ability to carry the additional loads. The connections of
the bracing system must be detailed carefully to avoid local
failure under inelastic cyclic deformations. The foundations of
the braced frames may need strengthening because the retrofitted
structure typically transfers greater seismic forces on the

foundations.



If the retrofitting design found is inadequate (Step 8),
a new bracing configuration and/or design is necessary, or
another retrofitting technique must be used. 1In the constrdction
phase, allowance should be made for higher fitting tolerances and
for in situ modifications. The boundary conditions are more
narrowly defined than in new construction; special construction

problems should therefore be expected.

3.6 Braced Frame with Short Columns.

3.6.1 Introduction to Short Column Behavior.

Understanding the behavior of reinforced concrete short columns
is important in many retrofitting applications. Because of the
brittle nature of failure and poor hysteretic performance of
short columns, structures featuring short cclumns are often
seismically deficient and in need of retrofitting. For that
reason, a building with short columns was chosen as the prototype
for this study. Two examples of short column failure under
seismic loading are shown in Fig. 3.6.71.

A laterally loaded slender column fails by developing
flexural hinges at its extremities. In short columns the shear
resistance is reached before flexural hinges develop. Because
the failure is shear dominated, reinforced concrete short columns
exhibit brittle behavior under lateral loading. A typical load

deformation curve for an axially loaded reinforced concrete short
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column is shown in Fig. 3.6.2a. The ultimate shear capacity Vy
is reached at a relatively low deflection level b,y The short
column lateral capacity decreases with increased lateral
deflection. Experimental curves from a test series of reinforced
concrete short columns under cyclic lateral loading are presented
in Fig. 3.6.2b [23]. The behavior of a short column under
lateral loading depends on the span to depth ratio 2a/d, the
level of axial compression P, and the confinement ratio f. Short
column behavior is generally limited to shear span—to—depth
ratios less than 3 for typical reinforced concrete columns. At
higher shear span—to—-depth ratios, the failure is dominated by
flexure rather than shear. The greater the amount of
longitudinal reinforcement, the higher the critical shear span~
to-depth ratio for short column behavior.

Umehara [24] studied axially loaded short columns under
eyelic lateral loading. The axial compression P was varied from
test to test but kept under the balance load Pp. He found that a
compression load significantly increases the column strength, but
also accelerated the strength degradation past ultimate. In
other words, an axially loaded short column is stronger but more
brittle,. The influence of axial compression on the 1load
deformation curve of a short column is presented qualitatively in

Fig. 3.6.3.
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A column without lateral reinforcement displays no
ductility under lateral loading. Confinement increases the
ability of the column to maintain strength in the inelastic
range. But confinement reinforcement can only slow, not prevent
degradation after the maximum strength has been reached.
Confinement does not significantly increase column strength [24].
Fig. 3.6.3b shows qualitatively the influence of the confinement
ratio § on the load deformation curve of an axially loaded
column.

The shear strength of short columns is underestimated if
calculated according to Chap. 11 of the ACI code [25]. The
equation in Fig. 3.6.4 was developed for lateral strength of an
axially loaded short column [24]. It is based on experimental
data and applies for values of 2a/d between 2.0 and 5.0, and for
axial compression lower than the balance load. The first term of
the equation represents the contribution of the compression strut
which develops in the concrete. It is by far the largest
contribution to the lateral capacity of columns with low shear
span—to—~depth ratios. The input of an zxial load on the shear
capacity is included through the second term. The third term
represents the influence of éolumn lateral reinforcement.

In addition to their brittle response, reinforced
concrete short columns exhibit poor hysteretic behavior. Short

columns dissipate little energy under cyclic loading, because the
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hysteresis loops are characterized by severe pinching and rapid
strength degradation from cycle to cycle.

3.6.2 Short Columns_i§.§13raced Frame. In an unbraced

frame, the columns have a double function: they carry the
vertical loads (gravity) and the lateral loads (wind,
earthquake). The frame relies on both the vertical and lateral
carrying capacity of the columns, loss of either constitutes
failure. If the short columns undergo a lateral deflection A
much above A, . in an earthquake, most of the lateral carrying
capacity is lost (Fig. 3.6.2), and the frame fails., The level of
vertical load-carrying capacity remaining in the columns at that
point is irrelevant.

The situation is different in & braced frame. Ir
detailed adequately, the bracing system can maintain the required
lateral capacity up to a large interstory drift. In a reinforced
concrete frame with short columns, the ultimate interstory drift,
635 for the bracing system, is typically several times larger
than drift ng for the frame. Interstory drift va is the drift
at which the short columns reach the ultimate lateral deflection
A,y and fail in shear. The load-drift curve for a reinforced

concrete frame with short columns and for the steel bracing

system are shown qualitatively in Fig. 3.6.5. The curve for the
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composite system is obtained by superposition of the curves for
its two components.

At an interstory drift much above 6ﬁv’ the frame has
lost most of its lateral capacity. But the bracing system still
provides large lateral resistance until reaching ultimate drift
685, which is large if the bracing system is detailed adequately.
If the bracing system is designed to carry all the lateral load,
the braced frame can be considered sound up to lateral drift 685.
This means that a reinforced concrete frame retrofitted with a
steel bracing system does not have to rely on columns for lateral
resistance. But, the columns still have to carry the vertical
loads. The lateral deformation capacity of the bracing system is
useless if the vertical load~carrying system is lost. Assume
that there is a lateral drift 5£n at which the columns cannot
carry their vertical load. The braced frame reaches ultimate
when the bracing system fails laterally or when the columns fail
axially, whichever comes first. The ultimate drift 68f for the
braced frame is the smaller of 685 and Sﬁn'

The determination of 655 can be based on some
experimental data on braces and bracing systems. The drift level
for axial failure of the frame columns, Sﬁv, is more difficult to
determine. In a ductile frame, failure develops in the beams;
the columns remain intact and 5u£ is generally large. In a frame

with short columns the columns suffer substantial damage if the
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lateral drift is increased past dgv (See Fig. 3.6.5).
Determining 6£n means evaluating how the axial load-carrying
capacity of the short columns is affected by the damage. This
problem has not been addressed experimentally. The reason is
that, as was shown above, the question of how much axial capacity
remains in a short cclumn at drifts larger than the drift at
shear failure only becomes relevant in the speclal case of a
braced frame. Such a frame can survive the loss of the lateral
capacity of the columns but not of their axial capacity. The
problem of the axial failure of short columns submitted to
lateral drift is discussed below. Due to the lack of pertinent
experimental data, such a failure is academic and can only be
studied qualitatively at that point. The discussion 1is
nevertheless based partly on the observed behavior of axially

loaded short columns tested under cyclic loading [23, 241.

3.6.3 Axial Capacity of a Short Column Deflected

Laterally. Consider a short column with a compression load P

submitted to lateral loading (See Fig. 3.6.6). At a drift &,,,
the column fails in shear. If the lateral drift is increased
further, the column shear mechanism deteriorates and the column
suffers increasing damage. The damage results in a reduction of

the available section For axial load. Axial feilure occurs if &

drift is reached =t which the axial capacity N becomes less than
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the axial load P. The drift at which an axially loaded short
column is unable to carry the axial load is denoted as & ,q,.
Figure 3.6.6b illustrates the concept. The dashed line
represents the axial capacity N(8) of the column. With
increasing drift beyond §,,, i.e. with increasing column shear
damage, the axial capacity N(§) decreases. It is assumed to be
an accelerating process. At § = §,, the axial capacity N(§) is
equal to the column compressive load P, and additional lateral
drift leads to axial failure.

In a typical short column situation, §,, is several
times larger than §,,. It is difficult to give a quantitative
assessment of §&,,. Tests on axially loaded short columns
submitted to lateral drift have focused on the shear strength and
were stopped when the lateral capacity deteriorated to a given
level. No gquantitative data on the remaining axial capacity at
that drift level is available. 1In Umehara's test, the axial load
was 15-20% of the ultimate load N, and the maximum imposed
lateral deflection was above 3% of the column free height. HNone
of the axislly loaded columns showed any sign of failing axially.
This indicates that 6, is indeed several times larger than dyy
for a typical short column.

The following qualitative comments can be made about
§un. It is expected that 8yn is a function of the axial

compression. The higher the axial load, the smaller the drift
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Sun for axial railure. First, because the level of damage
leading to axial failure is less. Second, because a short column

with large compression is more brittle, i.e. degrades more

rapidly beyond ¢

uy (See Fig. 3.6.3). A short column loaded with

Pu equal to its maximum axial capacity fails at a lateral drift §
of zero. The other limit is for a column with no axial load.
For P =0, 6,, theoreticslly tends to infinity. The column can
undergo a large lateral drift without failing axially. InFig.
3.6.7, the two limits are shown in the P-§,, plane and a curve
§un(P) is fitted between the points. The curve is speculative
but provides an indication of the relation between drift Sun and
axial compression P.

In Fig. 3.6.8, the influence of the confinement ratio 8
on the dun(P) curve for a reinforced concrete short column is
presented. It is expected that a high confinement ratio reduces
the rate of damage associated with the lateral loading of the
short column (See Fig. 3.6.3b). Therefore, the higher the
confinement, the higher the drift 5un at which the damage to the
column becomes critical for the axial capacity.

Experimental tests are necessary 1f a better
understanding of the axial failure of reinforced concrete short
columns deflected laterally is to be attained. An important

experimental effort would be necessary to obtain quantitative
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data for the & ,,(P) curves. They would have to be determined
point by point, each point requiring a column with a given axial
load P and confinement ratio B to be deflected laterally until
axial failure. A sophisticated load control mechanism would be
needed to maintain the desired axial load on the column at all
lateral drift levels. Further investigation could include the
effect of cycling the lateral loading and even the axial
compression to reproduce seismic loading characteristics. A
guantitative assessment of the §,,(P) curves would help make
possible the determination of the maximum allowable lateral drift

for a steel braced reinforced concrete frame with short columns.



CHAPTER 4

DUPLICATION OF THE EXPERIMENTAL DATA

4,1 Experimental Part of the Research Project

4.1.1 Introduction. This conceptual and analytical

study, complements an experimental study in which a reinforced
concrete frame model was retrofitted, first with reinforced
concrete wing walls and then with a steel bracing system and
subjected to static cyclic lateral loading. The tests are
described briefly below and in detail in [26, 27, 28, 29]. The
data from the test of the steel braced frame is used in Section
4.3 to calibrate the analytical model used in Chapters 6 and 7.

4.1.2 Model Frame. The reinforced concrete frame ussed

in the evaluation of the retrofitting techniques was modeled
after a prototype building. The prototype was chosen because it
is a typical structure in need of seismic retrofitting. It is
representative of a class of reinforced concrete buildings
constructed commonly in California in the 1950's and 1960's.
The perimeter frames were the primary lateral resisting system of
the structure in the longitudinal direction, as can be seen on
the example building shown in Fig. 4.1.1. The plan and elevation
of the prototype building are shown in Fig. 4.1.2. Those frames
were characterized by deep spandrel beams and short columns, The

specified concrete compressive strength was 3000 psi. The
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specified yield strengths of the reinforcement was 60 ksi for
longitudinal column bars and 40 ksi for all other bars. The
reinforcement of the prototype frame 1s shown in Fig. 4.1.3a.
The columns transverse reinforcement was very low (#3 @ 18").

The prototype building is seismically inadequate for two
reasons. First, the lateral strength is inadequate because
seismic design loads have more than doubled since the building
was originally designed. Second, the lateral failure mechanism
of the perimeter frames 1s deficient, because the columns are the
weak link of the structure. The energy dissipation capacity in a
weak column strong beam frame is usually small. The expected
energy dissipation capacity of the prototype frames 1is
particularly small because the weak columns are short columns
which exhibit a brittle, shear dominated, fallure (See Sec. 3.6).

The prototype building, deficient both in strength and
ductility, is a prime candidate for retrofitting. Structure 3 of
Fig. 2.4.2 is representative of its structural inadequacy and 1its
retrofitting needs. In order to test the two retrofitting
schemes, a model of a portion of the prototype building was
constructed. It was a 2/3 scale model of the third and fourth
levels of the prototype perimeter frames. The geometry and
reinforcement detailing of the frame model are shown in Figs.

4.1.3b and U.1.4. The boundary conditions were chosen to
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reproduce the situation in the original structure under lateral
loading. Before the Tirst retrofitting operation, the bare frame
was loaded to obtain the initial stiffness. The loading was kept
at a low level to avoid damaging the columns.

4.,1.3 Retrofitting with Reinforced Concrete Wing Walls.

First, the bare frame was retrofitted with the wing wall scheme
[27]. Cast in-situ reinforced concrete was attached to the
columns and spandrel beams with epoxy grouted dowels. A strong
pier was created which proved to behave monolithically, i.e. the
wing walls and original columns deformed as a unit. The
retrofitted frame was subjected to static lateral loading.
Cyclic loading was applied to simulate seismic loading. The wing
wall retrofitting scheme substantially increased the expected
strength and the initial stiffness of the bare frame. Failure
was transferred from the columns to the spandrel. The
retrofitting scheme thus successfully transformed a weak-column
strong beam frame into a strong column-weak beam frame. The
optimum wing wall size could not be determined from the test, but
it appears that significantly smaller wing walls would have
achieved the same purpose. The retrofitted frame exhibited good
ductility even though high shear was present in the spandrel.
Since a second retrofitting scheme was to be tested

using the same frame, damage to the frame had to be limited. The



frame was, therefore, not loaded far into the inelastic range.
This was not a substantial drawback because the desired
information was collected before the test had to be stopped.

b,1.4 Retrofitting with a Steel Bracing System.

Following the testing of the wing wall scheme, the wing walls
were cut out and the frame was restored to its "bare frame state"
for the testing of the bracing scheme [28]. The braced frame is
shown in Fig. 4.1.5. The braces were modified wide-flange
sections (Grade 36) with an effective slenderness ratio around
80. Collectors transferring lateral load from the frame to the
bracing system were structural tees and steel channels, which
were attached to the columns. All the connections between steel
members were field welded to allow for adjustments. Epoxy
grouted dowels were used to ccnnect the steel members to the
concrete frame.

The braced frame was submitted to static cyclic lateral
loading to failure. The loading history consisted of four series
of three cycles to a specified peak lateral drift (0.10%, 0.17%,
0.23%, and 0.36%) followed by three cycles at increasing peak
drifts. The drift levels were measured between the first and
third levels, and represent, therefore, the average drift of the
first and second story.

Cracking of the columns appeared at 0.10% drift, but was

not significant until 0.40% drift. The compression brace of the
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interior bay of the second story started buckling at about 0.50%
drift in the north direction. All further inelastic behavior in
subsequent cycles was concentrated in the second story. The four
braces of the second story experienced buckling and yielding
reversals. Meanwhile, cracking and stiffness deterioration of
the columns was important, but the strength was maintained due to
the vertical steel channels. The spandrels showed very little
cracking. The ultimate load was reached in the north direction
when the connection weld of a tension brace failed suddenly. The
loss of . the diagonal steel member resulted in a load
redistribution in which the second story columns were overloaded
and failed in shear. Figures U4.1.6 and 4.1.7 show the braced
frame after the test; the buckling of the braces of the second
story can be seen.

The hysteretic load-drift relationship for the steel
braced frame is shown in Fig. 4.1.8. Although cycling the load
reduced the stiffness, a nsw peak load was reached with every new
peak displacement until failure. The strength of the braced
frame was about six times the expected strength of the frame. A
maximum effective interstory drift of over 1% was reached before
failure. The connections of the bracing system proved to be the
weak link of the scheme. High local deformations were generated

at the connections when the braces alternately buckled in
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compression and yielded in tension. The quality of the
connection detailing and welding determined the strength and,
particularly, the ductility of the steel braced frame,

Due to the configuration of the columns in the frame,
the diagonal members of the bracing scheme were not continuous
from one bay to another (See Fig. 4.1.5). Steel channels were
attached to the columns to introduce the vertical component of
the truss forces in thas column. This created composite columns
with an unusual cross section (see Fig, 4.1.9). The first story
braces were removed to test the strength of the undamaged
composite columns. The columns were submitted to monotonic
static lateral loading up to 3.8% interstory drift. The plot of
Fig. 4.1.9 shows that the channels substantially improved the
column behavior. The lateral capacity of the column was
increased by an estimated 50% and enough confinement was provided
to transform the brittle short column into a relatively ductile
column. Attaching channels to the columns could in some cases

constitute a retrofitting scheme by itself [29].

4,2 The Computer Program

This section describss the computer program used in the
analytical study carried out in Chapters 6 and 7. The program
had to reproduce closely the inelastic behavior of a steel braced

reinforced concrete frame under cyclic lateral loading, and
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therefore had to include analytical models featuring nonlinear
hysteresis rules for reinforced concrete frame members and steel
braces.

A variety of analytical models have been developed for
the nonlinear seismic analysis of structures [30]. A finite
element approach can be used. However, a large number of degree
of freedom is necessary to model a steel braced reinforced
concrete frame with finite elements. The required computation
effort, to obtain useful results is very large, especially if the
hysteretic behavior is to be reproduced. The finite element
approach is thus not well-suited for the purpose of this study.

Another approach is to use phenomenclogical models for
the columns, beams, and braces. Phenomenological models are
based on simplified hysteretic rules that mimic observed
behavior. The models consist of a single line element with a
limited number of degrees of freedom. The computational problem
is thus reduced to a tractable size. Currently phenomenological
modeling provides the best approach to the nonlinear hysteretic
analysis of braced structures. The modeling approach makes use
of the avalilable experimental data. Experimental work is often
conducted on a component basis, thus producing data which can be
used readily in phenomenological models. The nonlinear
hysteretic behavior of the columns and beams of reinforced

concrete frames has been widely investigated experimentally.
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Significant experimental data on the nonlinear hysteretic
behavior of braces is available also (See Sec. 1.4.2). The
phenomenological modeling approach was adopted for this study.

Rather than developing a new compubter program, an
existing program for nonlinear seismic analysis of structures was
selected and extended for the particular need of this study.
Among the several research computer programs available, DRAIN-2D
[31] was selected as base code. DRAIN-2D is a general purpose
computer program for the inelastic respconse of plane structures
subjected to earthquake loading. It was developed by Kannan and
Powell at the University of California at Berkley. It consists
of a series of base routines carrying out step-by-step analysis
and of subroutines modeling various structural elements. The
program is organized for easy addition of subroutines for new
element models.

DRAIN-2D was developed for dynamic analysis and had to
be modified to also perform static analysis. This involved
implementing the option to impose a desired load or displacement
vector increment at each step of the analysis. Any desired
static loading history can thus be specified. The inertial
forces were canceled by setting all masses to zero.

DRAIN-2D was chosen over other programs for seismic

analysis of structures because of its library of avallable
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element models and the possibility of adding further element
models. The two element models used for the columns and beams of
the reinforced concrete frame (Element EL 7) and for the steel
brace (Element EL 10) are described in Appendix A. The program
is a research tool, and may not be efficient for most design

tasks.

4,3 Duplication of the Experimental Data

4.3.1 Bare Frame. The experimental tests described in

Section 4.1 provided experimental data which was used to evaluate
and calibrate the computer program.

First the load-deformation curve obtained on the bare
frame was duplicated analytically. Figure #4.3.1a shows the
analytical model established to reproduce the experimental
initial stiffness of the bare frame. The geometrical and
structural properties of the bare frame are given in Figs. 4.1.3
and 4.1.4. The beams and columns were modeled with element model
El 7 (See Sec. A.1). The following was assumed:

- The uncracked stiffness of the spandrel beams and

columns was used. One-third of the slab was considered

participating with the spandrel beam.

- The concrete modulus of elasticity was EC = 3600

psi, with £ = 4000 psi.

- 4 rigid zone of length e, was introduced in the

c
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column (Fig., 4.3.1) to account for the high stiffness of

the beam~column joint. The effect of the beam rigid

length ey was neglected (e, = 0).

- The shear deformations were considered.

- The supports were considered infinitely stiff.

The column rigid zone length, €,s 18 the single most
important parameter and cannot be determined with accuracy. The
difficulty stems from the particular geometry of the beam~column
joints of the frame. The cut—of-plane width of the columns is
twice that of the beams, and the column and beam axes are offset
(See Fig. 4.,1.4), As was observed during testing, the columns
experienced scome curvature within the depth of the spandrel beams
when the frame was subjected to lateral loading. This means that

€, 1s less than half the spandrel depth (i.e. e, < 24")., The

experimental data were used to obtain an approximate value of eae

The initial stiffness values for different values of eq

are compared with the experimental data in Fig. 4.3.2. The frame

stiffness is very sensitive to small variations of 2q. Two

factors combine to cause this sensitivity. First, the stiffness
of the column varies with the square of the free column height

(h~2ec) which is very sensitive to a variation of e Second,

o
the spandrel beams are so stiff that most of the frame

flexibility lies in the columns.
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A value of e, around 16" gives the best agreément
between analytical and experimental results., This value seems
appropriate in light of the observed joint behavior at later
stages where the frame was loaded into the inelastic range. With
e = 16", the beams contribute only one~fifth of the frame
flexibility. In terms of stiffness the frame approaches the case
of a frame with infinitely stiff beams, As a result of the
seating and fitting tolerances in the support mechanism, the
spandrels of the exterior bays may have had no support in the
early stages of loading. A computer run established that such a
loss of support results in a relatively small decrease in frame

initial stiffness (about 15% increase, See Fig. U.3.2),

4,3.,2 Braced Frame. The next step is the duplication

of the test results for the braced frame to evaluate the ability
of the computer program to predict the strength and hysteretic
load~-deformation curve of a steel braced reinforced concrete
frame.

The geometrical and structural properties of the bracing
scheme are given in Fig. 4.1.5. The calibrated analytical model
Tor the bare frame was extended to model the braced frame (see
Fig. 4.3.1b). The column rigid zone, e,, Wwas kept at 16", The
beam rigid zond, ep, proved to have little influence in this case
also and was set to zero. The specified load deformation curve

for the composite columns was based on the experimental curve of



Fig. 4.1.9. The braces were modeled with element model EL10 (See
Sec. A.2). The brace yield load was calculated using the yield
stress obtained from coupon tests (fy = W45 ksi, Pyp=109K). The
buckling load was set as the average of the maximum brace
compression measured during the test (Pyn = 88K). The effective
slenderness ratic was evaluated at K&/r < BO with K = 0.50.

The model was subjected to monotonic and cyclic loading.
The specified cyclic loading history consisted of five cycles
with increasing peak loads. The loading reproduces the character
of the experimental loading history.

The computed load deformation curves for monotonic and
cyclic loading are shown in Fig, 4.3.3. The predicted strength
is 13% lower for the cyclic loading case. The analytical and
experimental envelopes of the cyeclic response are plotted
together in Fig, 4.3.4, The two envelopes compare very favorably
until failure of the bracing system. The predicted strength is
within two percent of the observed strength in the north
direction. There are two reasons for this favorable comparison.
First, the specified strength for the members of the analytical
model were largely drawn from the experimental test. A good
correspondence between analytical and experimental reﬁults was
therefore expected. Second, the computer program correctly

reproduced the reduction in strength and stiffness associated
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with cyeclic loading. The monotonic curve (Fig. 4.3.3)
overestimates the strength of the frame under cyclic loading by
about 15%. Part of the discrepancy between the analytical and
experimental curves of Fig. 4.3.4 is due to the fact that the
onset of inelastic behavior (cracking, buckling and yielding)
which is gradual in reality, is modeled as one event in the
analysis. This explains why the loss of stiffness begins at a
higher drift level in the analytical curve than in the
experimental one.

The correct estimation of the loss of strength and
stiffness associated with cyclic loading is important. It
confirms the adequacy of the computer program for the study of
the inelastic cyclic behavior of a steel braced reinforced
concrete frame. A further confirmation is that the predicted
failure sequence corresponds to the observed one. First column
cracking occurred, followed by buckling of the compression member
and finally yielding of the tension brace. The spandrels
remained elastic.

In the test, the braced frame suddenly lost one-third of
its capacity at an effective interstory drift of about 1%, when a
brace connection failed in tension after fifteen cycles. The
analytical model failed to predict this event because it assumed
unlimited deformation capacity of the braces and their

connections. 1Including quantitative limitation of the hysteretic
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ductility of the bracing system in the analysis is difficult. As
long as the possibility of connection failure is not excluded,
the predicted behavior after a certain number of cycles in the
inelastic range may be in doubt. If such failures are prevented
through careful detailing, the analysis should be valid far into

the inelastic range.



CHAPTER 5

PARAMETRIC STUDY

5.1 Introduction

The parametric study introduced here complements the
experimental work presented in Chapter U4 and the conceptual work
of Chapters 2 and 3. The parametric study is carried out with
the computer program described in Section 4.,2. The goal of the
study is to gain a better understanding of the behavior of a
laterally loaded steel-braced reinforced concrete frame. The
results of the parametric study are presented in Chapter 6,

The parametric study is performed on a so-called
"subassemblage." The subassemblage is a simple structural unit
representative of a braced frame. It is retained as basic study
unit throughout the parametric investigation. In order to gain
insight in the difference between the behavior under monotonic
and cyclic loading, the subassemblage is submitted to three types
of lateral loadings. Only horizontal components of the seismic
loading are considered in this study. The variables of the study
are the two main parameters controlling the behavior of the

bracing system,

5.2 Subassemblage

The two~dimensional subassemblage used in the paramsetric

study is shown in Fig. 5.2.1. The subassemblage features a
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column, two beams and two braces. The subassemblage conditions
reproduce the situation of 2 braced interior column of a
laterally loaded frame (see Fig. 5.2.2). The beams are supported
by rollers at the inflection point of the spandrel beams when the
frame deforms laterally. The inflection point is assumed to be
at midspan. The reinforced concrete frame is braced with a pair
of steel braces, At the upper end the braces are attached to the
frame at the center point of the beam-column joint. At the lower
end, they are attached to the beams with the vertical force
component going to the roller supports.

The lateral loading is applied with a point load through
the center point of the upper beam—-column joint. The center
point of the bottom beam column joint is restrained against
vertical and lateral movement. A vertical forece is introduced on
the column to account for the P-§ effects of the gravity load of
the stories above. There are no gravity loads on the spandrels.

The subassemblage was chosen for the following reasons:

- The goal of the analytical work is to study the

basic behavior under cyclic lateral loading of a steel

braced reinforced concrete frame. More specifically, to
study the impact of brace parameter variations and frame
alterations on this behavior. The chosen subassemblage

is the simplest possible structural unit on which to
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model this behavior. This simplicity is both a

conceptual and computational advantage.

~ The subassemblage for the analytical study is well-

suited for experimental study also. The analytical

study could be useful in the determination of future
experimental research.

The subassemblage geometry and structural properties are
modeled on the prototype structure for the experimental study.
The experience and understanding gained from the test and from
the duplication of the test results (Chapter 4) can thus be used.

Th

(D

bracing configuration of the subassemblage is different from
that of the test specimen (Fig. 4.1.5) in that the braces go
through the center point of the frame beam~column joint, There
are no vertical steel elements in the subassemblage. Most of the
insight gained from the study of this particular subassemblage is
relevant for retrofitting situations with different geometrical
and structural characteristics.

An elastic design criterion 1is wused for the
subassemblage braces. The portion of the equivalent static
design shear attributed to the bracing system 1s to be resisted
without yielding or inelastic buckling. For typical values of
k%/r, the criterion means that the design of the bracing system

is done on the basis of the brace buckling stress.
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5.3 Analytical Model of the Subassemblage

An analytical model of the subassemblage (Fig. 5.3.1)
was prepared for the parametric study. The modeling of the
subassemblage column, beams, and braces is described below.

Column. The subassemblage column is identical to those
of the prototype building. Its geometrical and structural
properties can be found in Fig. 4.1.2 and 4,1.3a. The column

axial force P replacing the gravity load from the stories above

was evaluated at 250k. Th

)]

ultimate lateral capacity V, can be
computed with the equation of Fig. 3.6.4 for axially loaded short
columns. The values of the parameters are: a = 24 in., d' = 16
in., £ = 3000 psi, N = 250k, I = 8.750 m', Ag = 144 in?, Ag/Ag =
0.235, sp = 18 in., Ay = 0.60 in?, and fys = 40 ksi. Because of
the special configuration of the prototype beam~column joint,
only part of the column width participates in the compression
strut. The effective width was evaluated at b' = 10~in. With
the values above, the column ultimate shear capacity is estimated
to be V, = 75k. Under a lateral load of 75k, only 60% of the
calculated nominal flexural capacity of the column is developed.
This confirms that the subassemblage column is a short column.
The beam~column joint of the prototype is 72-in. deep,
but because of its particular configuration the depth of the

rigid zone for the column is less. It was established in Sec.
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§,3.2 that the effective height of the rigid zone is two~thirds
of the spandrel depth, i.e. e = 48 in. The true height of the
column for stiffness considerations is therefore:

h' = 2a + (d - e) =48 in. + 24 in. =72 in,
The column drifts are calculated with h' = 72 in.

The shape of the load-deformation curve for the column
was modeled on the basis of experimental work [23]. Figure 5.3.2
shows the envelope of the load-deformation curve for a short
column under cyeclic lateral loading. The test column had a shear
span—to~depth ratio (2a/d), confinement (d/s), and axial loading
(P/Pu) similar to the subassemblage column. Because of those
similarities, the shape of the load-deformation curve for the
prototype column (Fig. 5.3.3) was assumed to be the same as the
shape of the curve of Fig. 5.3.2.

The assumed load—deformation envelope for the prototype
column was modeled with element EL7 (Appendix A.1). The broken
line of Fig. 5.3.3 was used to define the moment-rotation
relationship for the inelastic spring of the element model. The
spring has an initial stiffness equal to half the column
uncracked stiffness. At a shear equal to 60% of the ultimate
shear, the stiffness is reduced to cne-fifteenth of the uncracked
stiffness (point A). The degrading part of the load-deformation
curve (Segment BC) has a negative slope of minus 15% of the

initial stiffness. DBecause of the lack of experimental data, the
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5.4.1 Design Ration. The ratio n is a measure of the

increase in strength desired in the design of the bracing system.
The value of n is the ratio of the design strength of the bracad
frame to the strength of the original frame. The ration is
defined for a given story i:
n; = H{/Vgi

H{ is the design lateral shear for story i of the retrofitted
structure Vui is the ultimate shear capacity of story i of the
original structure. The determination of n is illustrated in
Fig. 5.4.1 for the 2nd story of a structure retrofitted with a
bracing system. On that story, two of the five bays are braced.

The ratio n is a design parameter. By the choice of n,
the designer determines the design lateral load of the structure.
Typically for wind and seismic loading, equivalent static loads
are used and each story is designed separately. The ratio n is
defined to accommodate this design approach. The ratio n is
nondimensional, the strength of the existing structure is taken
8s a reference value.

Hg i1s the design lateral shear for the retrofitted story
i. The original structure may or may not be counted on to resist
the design load, and the design criterion may be elastic or
inelastic, depending on the retrofitting scheme. For the
Subassemblage used in the parametric study H' is defined in the

following manner:
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Hro_ Vg + Hbs
Vg is the ultimate shear capaclty of the column. HPS is the
design load for the bracing system (see end of Sec. 5.2 for
definition of design criteria). HDPS can be included in the
equation for n:

n = H/vE = (vl + ubS)/vE =1+ HOS/VE

HPS - (n - 1)V£
The design load, HPS, for the bracing system is (n ~ 1) times the
strength of the frame.

5.4.2 Load Ratio m(§). The load ratio m(g) is defined

similarly to n, except that the design lcad for the retrofitted
structure is replaced by the lateral load at drift &:
m(s) = Vg(ﬁ)/vai

V{(é) is the lateral shear on story 1 of the retrofitted
structure at drift §. VS, is the ultimate shear capacity of
story i of the original structure.

The meaning of the n and m(§) ratios is illustrated in
Fig. 5.4.2 with the lateral load-drift curves of the original and
retrofitted structure. To produce m(§), the load-drift curve of
the retrofitted structure is normalized with the ultimate shear
capacity Vai of the original structure. The curve, m{(s§), 1s thus
a normalized load-drift curve., While the n-ratioreflects the

desisgn strength, m(8) is a measure of the effective strength of
o
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the retrofitted structure. Comparing the n and m(§) ratios helps
close the gap between design of the bracing system and actual
behavior of the braced frame. For example, the beam peak m(s)
value m™@% ghould be larger than n to guarantee adequate
strength. In Chap. 6, m(§) curves for the subassemblage of Sec.
5.2 have been computed for different values of n. This set of
curves can help the designer of a bracing scheme to select the
appropriate design ratio n which will produce the desired
effective strength and ductility. The n and m(§) ratios are

dimensionless, allowing easy comparison of various retrofitting

situations.

5.5 Loadings and Variables of the Parametric Study

5.5.1 Loadings. The subassemblage was studied under
three types of static lateral loading. The first one 1is
monotonic, the other two are cyclic.

Monotonic Loading. A monotonically increasing

interstory drift is imposed on the subassemblage. This loading
case helps understand the basic behavior of a steel braced
reinforced concrete frame under lateral loading. This 1is
relevant for both wind and seismic loading. Also an envelope
within which cyclic loadings are located is obtained.

Reversed Loading. The subassemblage is subjected to a

single cycle of lateral drift. There is one loading reversal in



each direction at an interstory drift of 1.2%, far into the
inelastic range. This loading is not a realistic loading case,
but it is useful in understanding the basic behavior of a steel
braced frame under cyclic loading.

Cyclic Loading. The cyclic loading history consists of

five cycles of increasing peak interstory drifts. This loading
reproduces the main character of a true seismic loading.

The computer program could be used for dynamic loading.
Such a loading is, however, outside the scope of this study. The
inelastic dynamic response of a braced frame for specific input
data can be computed, but by nature, earthquake loading is
largely nondeterministic and cannot be predictgd with certainty.
The basic characteristic of seismic loading is that the building
is subjected to cyclic lateral loading. The primary goal of this
study 1s to investigate the behavior under cyclic lateral loading
of a steel braced reinforced concrete frame. This purpose can be
achieved better with a static loading.

5.5.2 Brace Variables. The intent of the parametric

study is to determine the behavior of a laterally loaded steel
braced reinforced concrete frame for various values of the two
maln brace parameters: the n-ratio which controls the relative
strength of the frame and the bracing system, and the slenderness

ratio k&/r which controls the buckling and hysteretic behavior of

O
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the braces. The parametric study focuses on bracing systen
parameters because the designer can select bracing geometry.

n~paﬁameter. The n-ratio is the ratio of the design

strength of the retrofitted structure to the strength of the
existing structure. It is thus a measure of the design load of
the bracing system. As shown in Sec, 5.4.1, the bracing system
design strength is n-1 times the strength of the reinforced
concrete frame. The higher the n ratio, the more dominant the
bracing system.

Integer values of n from 1 to 4 were used in this study.
Those values cover a wide range of practical retrofitting
applications. At n =1, the brace section area is zero. This
trivial bracing case is provided for reference, 1t 1is the
original, bare, structure. Values of n between 1 and 2 represent
a structure with z light retrofitting. This could, for example,
be the case of a structure with adequate strength but in need of
stiffening for wind or seismic loading. Values of n between 2
and 3 are representative of a typical bracing retrofit design. A
building with an inadequate lateral resisting system is braced
with a system designed to carry the entire lateral load. The
strength of the building is thus more than doubled. Values of n
above 3 would be exceptional., They occur if the strength of the

existing building is a small fraction of the required strength.
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This can occur, for example, if the structure has been severely
damaged in a previous earthquake.

5.5.3 Slenderness Ratio k&/r. The slenderness ratio

¥&/r is an important parameter of the bracing system. The
experimental results of presented in Sec. 1.4.2 show that the
buckling load and hysteretic behavior of the braces are a
function of k&/r (See Fig. 1.4.3). The slenderness ratio depends
on the bracing configuration and brace type chosen by the
designer. It can cover a wide range of values. The three ki/r
values chosen for the parametric study aim at covering this wide
range:

k&/r e The brace has a high buckling load (about

95% of yield load) and good hysteretic
behavior.

k&/r

il

20 The buckling leoad is still relatively

{

high (about 80% of yield), but the
hysteretic behavicr is poor.

k&/r = 120 The slender brace has a low buckling load
(about 55% of yield) and a very poor

hysteretic behavior.



CHAPTER 6

RESULTS OF THE PARAMETRIC STUDY

6.1 Monotonic Loading

The results of the parametric study for the monotonic
loading case are presented and discussed briefly. For
simplification, the "steel braced reinforced concrete frame" is
referred to as "braced frame," the "interstory drift §" as "drift
§" and when "strength," "load," or "resistance" are used, the
lateral strength, load, and resistance are implied.

6.1.1 Failure Sequence. The failure sequence for the

analytical model of the bare frame under monotonic loading is as
follows (see Fig. 6.1.1):
0-1: Elastic behavior

1: Cracking of the columns (§ = 0.05%, H = 38k)

2: Cracking of the spandrels (8§ = 0.15%, H = 50k)

3: Shear failure of the column (8§ = 0.40%, H = 75k)

4: Column lateral capacity reduces to zero (§ = 1.00%)
From point 3 to 4, the spandrels are unloaded as the lateral load
decreases because the column is losing capacity. At point 4, the
overall 1lateral capacity has become negative because of the P-§
effect on the column. The load-drift curve for the column by
itself (with fixed ends) is also ploctted for evaluating the

influence of the spandrel on frame behavior.
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The contribution of the bracing system to the
subassemblage strength 1s plotted in Fig. 6.1.2 for a brace
slenderness of 80. The individual contribution of the two braces
to the lateral resistance is shown. The bracing system was
designed to remain elastic (i.e. no buckling or yielding of the
braces) under the design lateral load of T75k. Following buckling
at H = 75k and 6§ = 0.20%, the contribution of the compression
brace drops from 50% to 20% in the post-buckling range (8§ >
0.80%).

The computed load drift curve for the braced frame with
n =2 and k&/r = 80 under monotonic loading is plotted in Fig.
6.1.3. The m—8§ plane is used, which means that the load-drift
relationship for the braced frame is normalized with the strength
of the original structure to produce the dimensionless curve m(§)
(see Sec. 5.4,2 for definition of the m(§) ratio). As explained
in Sec. 5.4.1, n = 2 means that the elastic design load for the
bracing system is equal to the ultimate lateral capacity of the
bare frame. In this case, the design ratio n matches very

closely the peak effective strength ratio:r n = 2.00 andm

max =

2.01. The contribution of the frame (i.e. the shear carried by
the column) and the bracing system (i.e. the sum of the
horizontal component of the brace axial forces) to the lateral
strength of the braced frame are plotted separately. The failure

sequence is as follows (see Fig. 6.1.3):
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0~1: Elastic behavior
1: Cracking of the columns (§ = 0.05%)

2: Cracking of the spandrel (& = 0.15%)

0.

™)

3: Buckling of compression brace BZ (§ 0%)

Y: Yielding of tension brace Bl (8§ = 0.25%)

5: Shear failure of the column (& = 0.40%)

6: Compression brace reaches post-buckling strength

(6§ = 0.80%)
7: The column lateral strength reduces to zero (§ =
1.00 %)

From point 5 to 7 the braced frame loses 65% of its
lateral strength as the»column fails in shear and the compression
brace buckles. The bracing system and the frame are well-matched
in terms of their relative deformability (see Sec. 3.3). When
the bracing system buckles and enters the inelastic range (& =
0.20%) a large portion (about 75%) of the frame's lateral
strength has been mobilized, but the leteral drift can be doubled
before the columns fail. The braced frame thus has a high
serviceability strength and a good margin against column damage.

6.1.2 Variation of n and k2/r. The influence of brace

parameters n and k&/r on the monotonic behavior is shown in Figs.
5.1.4 to 6.1.6. The m—6& curve for n =1 represent the bare frame
case. The higher the n-ratio, the more dominant the bracing

system, since the steel bracing is roughly n-=1 times
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stronger than the frame. All the m—§ curves display a pronounced
drop of strength following the peak strength. The peak strength
is reached either when the column fails at a drift of 0.40% (for
k&/r = 40) or when the tension brace yields at a drift of 0.25%
(for kU/r = 120). Foer a slenderness value of 120, the
compression brace reaches its post-buckling strength before the
column fails in shear. For a slenderness of 40 the loss of
strength following buckling is more gradual and the post-buckling
range 1s reached after the column has lost all lateral strength.
The failure sequence of the braced frame is thus dependent on the
braces slenderness ratio.

In Fig. £.1.7, the three sets of m—-§ curves are plotted
together for comparison. The highest effective strength for a
given design ration, is obtained for braced frames with ki/r =
120. The peak m(§) value matches n very closely for ki/r = 40
and 80, but is significantly higher for k&/r = 120 (mn®&X = L6
for n = 4,0). The reason is the chosen elastic design criteria
for the bracing system. The braces are designed on the basis of
For k&/r =

the buckling load P rather than the yileld load P

yn yp*

120, P is much higher than Pyy (Pyn/Pyp = 0.55), so that there

yp
is substantial ressrve in the tension brace when the design load
is reached. Also, because of the low Py,/Py, ratio, the

contribution of the compression brace to the lateral resistance

of the braced frame is relatively small and the 70% loss of
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compression strength due to buckling has a reduced impact. This
explains the higher m values for k&/r = 120 in the post-buckling
drift range.

Figures 6.1.4 to 6.1.6 show how the initial lateral
stiffness of the braced frame increases with n. The elastic
design criteria for the bracing system also explains why the
highest initial stiffness, for a given n ratio, braced frame with
k&/r = 120 (see Fig. 6.1.7). The larger the slenderness, the
lower the buckling stress (which is the basis of the brace
design), the larger the resulting brace section, and the larger

the elastic stiffness of the bracing system.

6.2 Reversed Loading

The results of the parametric study for the reversed
loading case (one cycle of loading with reversal at drift 1.2%
and ~1.2%) are presented and commented on here.

65.2.1 Braces under Reversed Loading. The plot of Fig.

6.2.1 illustrates the influence of slenderness on cyclic behavior
of the brace (as modeled by element EL10 of Appendix A.2). The
brace is subjected to a full cycle of axial deformation (with
reversals far into the inelastic range) starting with
compression. To conform with the implication of the bracing
system design criteria, the brace has the same buckling load for

all three values of k&/r (40, 80, and 120). Since the buckling

]
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Fig. 6.2.2 Braced frame under reversed loading

T ] T T | I
BRACED FRAME
- KL/R=80 .
B1 B2
| -
o) yaN o)
. p—
=
o .
:--l .
N ?é ._{
.
d
‘|| }IO 9
INTERSTORY DRIFT C%]
] i 1 | | |
-1.4 -1.0. -=0.6 -0.2 0.2 0.6 1.0 1.

4




176

3 1 | I I | I
FRAME 5
/N
o| LN -
S 4 \
= / X
o ¢ \

+| = (i k

< : \ -
o oL I y

2 ,' \
a3 : \

(=) ‘-ﬁ.ﬁ_ﬁ:::n.' \

. [T 1}
Q e —— —,

7 8

": INTERSTORY DRIFT L[Z]
? | | l 1 L |

-1.4 -1.0 -0.6 -0.2 0.2 0.6 1.0 1.4
o
S | | | | I !

= BRACES 7O L -
o J P |

. 8 KL/R=80 3 /'\

o b= << -’ ’ -
o 4 \'o" 'I'

g | 4/_ 5!.——""— 15N 6 [/ 8
-} =" ¢ 7

© [ e _+

- - g
© e _'___ ____________________ e / ’l"
- 13 BRACE Bl 1 \7/\10 /.'
?. - / » / ~~"~~ I” -

/ e g
|3/ BRACE B2 12,

9 INTERSTORY DRIFT C[Z]
? | | ] ] | L

-1.4 -1.0 -0.6 -0.2 0.2 0.6 1.0 1.4
Fig. 6.2.3 Frame and brace contributions under reversed

loading




177

lost all its strength in the initial {(positive) loading
direction, it has no strength in the reversed (negative) loading
direction (see Sec. A.1). The behavior of the braced frame is
controlled entirely by the bracing system from point 7 onward.
At reversal (Point 8, & = 1.20%) brace B1, which has
yielded considerably in the initial direction, gces 1into
compression and buckles at a positive drift level of 0.75% (Point
9), At a drift of 0.15% (point 11), brace B! reaches the post-
buckling plateau. Meanwhile, brace B2 which buckled in the
positive direction straightens as it goes from compression to
tension and yields when the negative drift range 1is entered
(point 12). In the initial loading direction, the yielding of B
(point 4) closely follows the buckling of BZ (point 3). In the
reversed direction, the buckling (point 9) and yielding (point
12) are widely apart in terms of drift. This difference in
behavior explains why the bracing system peak strength in the
initial direction (m+ = 1.10) is not matched in the reversed

max

direction (m_ = 0.80)., After the second loading reversal

max
(Point 13), brace B2 buckles (Point 14) at the post~buckling locad
level. As the deformation of the braced frame is returned to the
positive drift region, brace Bl stiffens (Point 15) and then
yields (Pocint 16).

The curve of Fig. 6.2.2 shows the loss of strength and

stiffness associated with cyclic loading of & braced frame. In
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the initial loading in the positive direction a strength m of 2.0
is mobilized at drift 0.40%. In the second loading in the same
direction (after two reversals at high drift levels), m is only
0.40 at that same drift. The initial peak strength (mp,, = 2.00)
cannot be maintained because of shear failure of the column and
buckling of the brace. In the reversed direction the peak
strength is mM&X = 0,80. The peak strength m™&%X = 0.80 is
maintzined in subsequent cycles because the brace yield and post-
buckling strength in subsequent cycles do not change with
increasing drift or cycling.

6.2.2 Variation of n and k&/r. The influence of the

ratio n on the behavior of the braced frame under reversed
loading is shown in Figs. 6.2.4 to 6.2.6. The higher the n
value, the less the loss of the column strength impacts the
braced frame behavior and the more stable the hysteresis loops
become. It is clear from the thres sets of m(§) curve that the
failure sequence 1is not dependent on the ratio n, but 1is
influenced by the slenderness. This is logical since the drift
at which the buckling related inelastic events occur in the
braces depend on k&/r. For k&/r = 120, the failure sequence 1is
the same as bLhe one described in Sec. 6.2.2 for k&/r = 80, but

somewhat different for k&/r = L0, Because of the comparatively

low buckling rate of a brace with k&/r = 40, the post-buckling
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force level has not been reached in brace B2 at the point of
load reversal (§ = +1.20%). For the same reason, post-buckling
of brace Bl in the reversed load direction is reached after
yielding of brace B2 (points 11 and 12 in Figs. 6.2.2 and 6.2.3
are, therefore, reversed). Also, instead of a stiffening of
brace B2 and brace B1 at points 10 and 15 of Fig. 6.2.2, there is
a softening for kQ/r = U0 (see Fig. 6.2.1 also).

In Fig. 6.2.7, the m(8) curves for ki&/r = 40 and 120,
and n = 4 are plotted together for better evaluation of the
influence of the slenderness on the cyclic behavior of the braced
frame. The hysteresis loop for ki&/r = 40 is better balanced than
for ki/r = 120, because of better behavior of the braces when the

load is reversed. Under reversed loading, the braced frame with

k&/r = 120 reaches a first peak (m = ~1.55) at § = 0.50%9 when
brace B1 buckles and a second peak (m = ~3,.20) when brace B2
yields at 6§ = -0.20%. The hysteresis locop exhibits behavior

similar to "pinching'" of reinforced concrete members with shear
dominated failure in that the strength at zero drift, after a few
reversals in the inelastic range, is very low. In terms of
energy dissipation (i.e. area of the hysteresis loop), the curves
for k&/r = 40 and k&/r = 120 are equivalent. But the material
use is substantially less efficient for k&/r = 120 because low

buckling stress results in a large required brace section.

K]
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6.2.4 Kk&/r = 0 and k&/r o, It is interesting to

[n

study the braced frame behavior for k&/r = 0 and = and compare

with the "typical" situation for ki/r = 80. The braced frame

with k&/r = 0 (Fig. 6.2.8) exhibits an excellent hysterestic
behavior. Buckling is prevented and the braces yield in

compression. The rectangular hysteresis loop of the bracing
system has maximum energy dissipation capacity.

The hysteretic behavior is much less favorable for
ki/r=« (Fig. 6.2.9). The buckling load is zero so that only the
tension brace can carry load. For a buckling stress of zero, the
design criteria of Sec. 5.2 produces an infinite brace section.
But k&/r = » the buckling is elastic and causes no damage. The
brace is 1liks a cable and the design can be based on the yield
stress rather than the buckling stress. The required brace
section is then double that of the same bracing sysﬁem with ki&/r
= 0, because only the tension brace contributes to the lateral
strength. Furthermore the braced frame with k&/r = 0, although
using half the steel displays twice as much energy dissipation
capacity (compare the hysteresis loop areas of Fig. 6.2.10). The
effectiveness of the bracing system is reduced by a factor 4 in
terms of cyclic energy dissipation if the slenderness goes from O
to », i.e. if the braces pass from "buckling prevented" to "no
buckling strength.,! Both cases, k&/r = 0 and », have interesting

practical applications which are discussed in Sec. 6.5.
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The unbalance in the forces of the tension and
compression brace for ki/r = » generates a compression load in
the column, The maximum extra column compression for the
subassemblage is (Pyp - Pync)*sin a. For k&/r =0, Pyp and Pyng
are equal and their vertical components cancel each other. But

for ki/r = o, Pync is zero so that the extra compression is

Pyp*sin o, which can be quite large and may overload the column.

6.3 Cyeclic Loading

6.3.1 Development of the Inelastic Behavior. The

response of the braced frame (n = 2, ki&/r = 80) to the cyclic
loading history of Fig. 6.3.1 is plotted in Fig. 6.3.2. Figures
6.3.3 and 6.3.4 show the contribution of the bare frame and the
bracing system. As the peak drift is increased from cycle to
cycle, there is a progression of inelastic behavior. This
progression is followed below from one reversal point to the
next.

1 : Column cracked in the positive direction.

2 : Column cracked in the negative direction.

3 : Spandrels cracked in the positive direction.

4 : Spandrels cracked in the negative direction; brace

B1 buckled.

5 : Brace B2 buckled and brace Bl yielded.
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6 : Column failed in negative direction; brace B1

buckled at post-buckling load level and B2 yielded.

7 : Column failed in positive direction; brace B2

buckled at post-buckling locad level and B1 yields.

8 : Same as 6.

9 : Column lost all lateral strength, same as 7 for

braces.

10 : Same as 9 for column; same as & for braces.

The hysteretic behavior of Fig. 6.3.2 has to be
described as poor. From point 5 on, every cycle brings with it a
substantial loss of strength and stiffness. This is no surprise
when the response of the bare frame and of the bracing system are
considered. The behavior of the bare frame (Fig. §.3.3) is
controlled by the column and is best understood by studying the
hysteresis rule of element model EL7 for short columns (see
Sec. A.1). The frame behavior is characterized by the rapid
degradation of strength and stiffness of the column when it is
cycled past the shear failure drift (0.40% in this case). The
bracing system does not suffer as much degradation (Fig. 6.3.4).
Once the braces have buckled more than once, the cyeclic behavior
is stable.

6.3.2 Variation of n and k&/r. The response of the
braces to cyclic loading is plotted in Figs. 6.3.5 to 6.3.14 for

nine combinations of n and k&/r. For better svalustion of the
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effects of the cycling on behavior, the locad-deformation curve
under monotonic loading is included (see interrupted line). The
envelope of the cyclic response follows the monotonic curve
reletively closely. The largest difference is in cyeles 4 and 5§
for k&/r = 40, in cycle 4 for k&/r = 80, and in cycle 3 for ki/r
= 120, Even more than under monotonic loading, the peak strength
mM2X ynder cyclic loading matches the design strength ratio n.
This is true for all three values of the slenderness.

With increasing n values, the loss of column strength
and stiffness decreases in overall impact and the hysteretic
behavior of the braced frame is more and more controlled by the

bracing system., In Fig. 6.3.15, the last two cycles of the

response for two values of ki/r are plotted together. The
hysteresis loop for k&/r = 40 is found to be significantly
"fatter" than that for ki&/r = 120 which tends to exhibit a

"pinching" behavior,

6.4 Evaluation of the Steel Bracing Scheme

6.4.1 Introduction. The purpose of this section is to

discuss the strengths and weaknesses of the bracing retrofitting
scheme. The discussion is based on understanding gained from the
parametric study (Sees. 6.1 - 6.3) and from the conceptual study
(Chapter 3). The ability to improve the strength, stiffness, and

ductility of ¢the structure is evaluated and design
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implications are discussed. The discussion assumes a scheme with
braces with a typical slenderness ratios, i.e. braces which carry
substantial loads and buckle inelastically in compression.

6.4.2 Strength. The retrofitting scheme is very well~
sulted to improve the strength of a structure. The bracing
system and the frame are basically two independent lateral
resistance systems adding their strength and stiffness. The
additional strength and stiffness increase is provided by a new
system, which does not have to rely on the existing system. The
level of strength or stiffness increase can be regulated with
maximum freedom by the choice of the design strength or design
stiffness for the bracing system. In the parametric study, the
design criterion for the bracing system was strength and the
desired level of strength was given by the ratio n. The peak
effective strength was found to match the design strength for the
braced frame, especially for the cyclic loading case.

Because the bracing system remains elastic almost up to
its peak strength, the added strength is mostly in the elastic
range. If the two systems are well-matched (see Sec. 2.6), the
braced frame strength which can be mobilized without damage to
the frame or the bracing system is close to the peak load. This
is advantageous for the seismic performance of the retrofitted

structure.
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steel which yields. The limiting factor on the lateral
deformation capacity of a braced frame with short columns may
then be the loss of the vertical locad-carrying function of the
frame rather than failure of the bracing system (see discussion
in Sec. 3.6).

6.4.5 Design Implications for the Bracing System. The

major advantage of the bracing retrofitting scheme is its ability
to increase the elastic strength and stiffness of the retrofitted
structure. The ductility increase is significant if the scheme
is used on a brittle structure. But unless inelastic buckling is
prevented, the hysteretic ductility of a steel-braced frame has
low reliability and should be evaluated conservatively. The
retrofitting scheme is thus best-suited for retrofitting
operations aimed primarily at strengthening and/or stiffening.

The braced frame should be designed elastically. The
braces should not buckle inelastically in a design earthquake.
It was shown in Sec. 3.3 that the elastic strength of a well-
matched braced frame 1s not much smaller than the peak strength;
it is thus not overconservative to design the bracing system
elastically. The braced frame hysteretic behavior in the
inelastic range may not be ideal but the frame can be prevented
from entering the inelastic range because high elastic strength

is provided.
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If the retrofitted structure is to remain in the elastic
range, 1t must be designed using the seismic forces for a
strength reliant structure. Those forces are higher than if
inelastic behavior is allowed and ductility can be counted on in
design (see Sec. 3.5). This, however, is largely compensated for
by the advantages of keeping the structure in the elastic range.
First, structural damage is prevented and the strength and
stiffness degradation linked with the cyeling of the structure in
the inelastic range is avoided., Second, the deformations are
limited, and nonstructural damage is likely to be minimized. One
school of thought in earthqguake engineering even suggests that
all structures should remain elastic for the design earthquake.
The idea is that ductility may well prevent the collapse of the
structure, but is not adequate in terms of usability after the
earthquake. Prevention of collapse, which aims at preserving
life 1s only one of the requirement for a structure. Engineers
are increasingly coming to the realization that many structures
need to satisfy more stringent seismic performance requiresments,
even (or especially!) in a strong earthquake. There is a growing
class of buildings for which very little, if any, damage to the
structure itself or the acti?ities, processes or installations it
supports, is acceptable. This class of building includes, for
example, hospitals, industrial complexes and information

processing centers (computers) which are vital to the functioning
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of society and thus have a very short or no acceptable "shut down
time." Some defense installations could be classified in the
same group, because they are vital to military readiness. Also,
many industrial installations must be designed for very low
damage levels because of the potential for environmental disaster
in case of damage. In an increasingly technical society, there
are more and more buildings in which the "structural component"
should not be the weak link in terms of operational safety. The
cost of "maximum seismic safety" is small in comparison to the
economical, societal, military, or environmental importance of
their safety. Clearly, such buildings should be designed for
elastic behavior and with narrow drift control criteria. Because
of 1ts ability to increase the elastic stiffness and strength of
a structure, the steel bracing scheme may be especially well-
suited for retrofitting of existing buildings of this type.

In summary, the steel bracing scheme can be used to
produce structures which can meet a wide range of seismic
performance requirements based on strength and/or stiffness. It
can be used for preventing collapse and is also well-suited for
more demanding retrofitting tasks such as drift control. Two
characteristics of the bracing system combine to produce this
versatility. First, most of the strength and stiffness added by

the bracing system is elastic. This i1s "quality" increase in
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strength and stiffness because it can be mobilized without
damage. Second, the level of strength and stiffness increase can
be set with maximum freedom because it is introduced by a new
system, the bracing system, which is basically independent from

the existing one in its lateral resistance mechanism.

6.5 Prevention of Inelastic Buckling

6.5.1 Introduction. The buckling of the compression

brace is the primary obstacle to good hysteretic ductility of a
braced frame. The negative effects from inelastic buckling can
be alleviated by using braces with either a very low or a very
large slenderness ratio. Figure 6.5.1 shows gualitatively the
hysteretic behavior of a steel brace as ki/r is varied from zero
to infinity. If the slenderness ratio is very low, the brace
compression yield load is lower than the buckling load and
inelastic buckling is prevented. If the slenderness ratio is
very high, such as in cables, the brace buckles elastically and
inelastic buckling is prevented also. Those two approaches to
buckling prevention are discussed in Secs. 6.5.2 and 6.5.3.

6.5.2 Very Low Slenderness. The parametric study

confirms that low brace slenderness is advantageous for
hysteretic behavior. The designer of the bracing system should
thus keep the unbraced length of the braces as short as possible.

If the slenderness ratio is low enough, the brace yields in
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compression rather than tuckles. The bracing system displays
favorable hysteretic behavior, as illustrated by Fig. 6.2.8 for
the k&/r = 0 case. In a typical retrofitting, however, it is not
possible to brace the diagonal elements closely enough (in-plane
and out-of~plane) to fully prevent buckling.

So-called "fused braces" have been proposed for new
buildings. 3Such braces feature a friction device designed to
"slide" at a load smaller than the buckling load. The brace is
prevented from buckling in compression and yielding in tension.
The inelastic behavior is limited by the friction device. Tests
[32] on braced steel frames with "fused braces" showed that
excellent nysteretic behavior (energy dissipation) can be
achieved but the cost effectiveness and reliability of using the
system is unproven, both for new structures and for retrofitting
operations.

6.5.3 Very Large Slenderness Ratio. High k&/r values

normally result in bracing systems with undesirable inelastic
hysteretic behavior. The low buckling load means (1) low energy
dissipation capacity (see Fig. 6.2.9 for a braced frame with ki/r
= «) and (2) large inelastic buckling deformations which may
produce failure under cyclic loading. But if cables are used,
buckling is elastic and nondestructive, and the second problen
disappears. Using cables for bracing existing reinforced

concrete frame structures is an idea which needs experimental
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investigation, especially inregard to energy dissipation. To
guarantee maximum energy dissipation, the cables should yield in
as many locations as possible when the brac¢ed frame is subjected
to large lateral deformations. The cables should, therefore, be
bonded to the frame at intervals over the building height, at
every story for example. This would, however, increase the
construction effort and make replacement of the cables more
difficult. Construction and replacement may be simplified if
threaded bars, which can be connected to one another and to the
frame with a mechanical coupling device are used instead of
cables. These anchors could be placed at every story to increase
yielding of the tension bars when the braced frame deforms
inelastically. It would be necessary to guarantee that the bars
behave like cables, i.e. that they buckle without damage.

The cables could be prestressed to increase the initial
stiffness of the bracing system. Stiffening is generally
desirable since it limits drifts. Figure 6.5.2 shows the braced
frame forces generated by prestressing the cables with a force P,
Shifting the axis of the load~deformation curve cof the cables
associated with the prestressing is illustrated in Fig. 6.5.3.
The prestressed cable has an apparent compression strength equal

to the prestressing force, P, and an apparent yield strength in

tension equal to the yield strength Pyp Minus the prestress force
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P. The brace initial stiffness is thus the same in compression
and tension.

The influence of prestressing on the bracing system
load-deformation curve is shown in Fig. 6f5.4 for P = 0.4 Pyp.

Through prestressing, the load producing buckling of brace B2 is

shifted from 0 to 2P sin o = 0.8 sin a. In the load range

PYD
between 0 and ZPyp cos o, both braces B1 and B2 contribute to the
lateral stiffness of the bracing system which is, therefore,
double that of the unprestressed case. If the load is increased

beyond 0.8 P sina, the stiffness is reduced by half because the

yp
compression brace is buckling. Prestressing does not change the
bracing system ultimate load; tension brace Bl yields when Pyp
cos o 1s reached.

The optimum prestressing level P for the cable is half

the yield strength P = O.5Py (actually somewhat more because of

p
relaxation of the prestress). With such a prestressing level,
brace Bl yields and B2 buckles simultaneously when the bracing
system ultimate load is reached. The bracing system lateral
stiffness is thus double that of the unprestressed case over the
entire elastic range.

If the cables are prestressed, the effect of the
resulting compression forces in the reinforced concrete beams and

columns must be considered (see Fig. 6.5.1). The compression is

generally welcome in the beams., In the columns it depends on the
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level of compression from gravity loads. The additional
compression is generally favorable, but if the compression from
gravity is high (above balance locad) the columns could be
overloaded. In such a case, the columns should be strengthened.
The extra compression could be reduced by reducing the prestress.
But the column compression from prestressing cannct exceed the
compression generated in the column in the unprestressed case
when a lateral drift is imposed which brings the tension brace to
yield. If the column is overloaded by prestressing the braces,
it would be overloaded if the unprestressed bracing system enters
the inelastic range. The difference is that the additional
compression is permanent in the prestressed case while it only
appears under lateral loading in the unprestressed case.

The use of cables (or threaded bars) seems to have
potential, especially for interior frames. The advantage of the
cable is elastic buckling, which does not create the problems
encountered under repeated cyclic loading when using braces which
buckle inelastically. Using braces may also simplify
construction and open the possibility of using high strength
material.

The behavior of the braced frame in the elastic range
can be improved by prestress of the cable, It should however not
be overlooked that the favorable effect of prestressing is lost

if the inelastic range is ever entered, because once the cables
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yield, the prestress is lost. The weakness of a cable system is
the low energy dissipation capacity under cyclic inelastic
deformations (see comparison of bracing system with k&/r = 0 and

k&/r = = in Section 6.2.4),



CHAPTER 7

BEAM WEAKENING IN FRAMES WITH WEAK COLUMNS

7.1 Introduction

The seismic performance of a steel braced reinforced
concrete frame at ultimate depends on the failure mechanism of
the frame. The prototype frame for this study is an example of a
frame with an undesirable failure mechanism. The failure of the
Frame is controlled by weak short columns which fail in shear at
a drift of about 0.5%. Beyond that drift the frame rapidly loses
lateral capacity and damage to the columns also reduces the
vertical carrying capacity. The key to a favorable failure
mechanism of multistory frames under lateral loading is to force
failure away from the columns into the beams. Such a frame is
called a strong column — weak beam frame. Figure 7.1.1 shows the
difference in failure mechanism between a strong column ~ weak
beam frame, and a weak column - strong beam frame. The energy
dissipation is significant if plastic hinges develop 1in the
beams rather than in the columns. Also, if the inelastic
behavior is limited to the beams, the columns are able to carry
the vertical loads even under large lateral drifts. Weak column-
strong beam frames are often seismically inadequate and 'in need
of seismic retrofitting. Bracing such frames improves the

lateral strength and stiffness but not the failure mechanism of
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the frame. The bracing system can be made strong and stiff
enough to prevent the frame from reaching drift levels which
would produce failure under a design earthquake. However, the
random nature of seismic loading demands that the failure
mechanism be acceptable in an earthquake larger than the design
one,

It is, therefore, interesting to consider complementing
the bracing of a weak column - strong beam frame with measures to
improve its failure mechanism. The aim of such measures should
be to move failure away from the columns into the beams, i.e. to
transform the frame into a strong column — weak beam frame. This
can be achieved either by strengthening the columns or by
weakening the beams. Strengthening the columns has the added
advantage of increasing the lateral strength and stiffness of the
frame. 1In the case of a retrofitting scheme using a bracing
system, this increase has relatively little value, since the
bracing system can be designed to provide almost any desired
level of lateral strength and stiffness increase at little extra
cost., 1In combination with providing bracing, weakening the beams
is usually an attractive improvement measure because it is much
easier to carry out than column strengthening;

The object of this chapter is to investigate the idea of
combining bracing of reinforced concrete frames wiih weak columns

with weakening of the beams. The prototype structure is used for
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the case study. The bracing of a frame with strong columns and
weak beams complements the study of Chapter 6 in which the
behavior of braced frames with weak short columns was studied.
Frames with strong columns typically exhibit adequate ductility,

but may need to be braced for inadequate strength and/or

stiffness.

7.2 Weakening Parameters

T.2.1 Conceptual Representation of the Idea. The

retrofitting of the Sendai School Building (see Sec. 1.3.2) is a
practical example of combining bracing of a weak column -~ strong
beam frame with weakening of its beams. The idea is illustrated
in Fig. 7.2.1 using the representation developed in Section 2.4,
The original frame is seismically inadequate both in strength and
ductility. In retrofitting approach II, bracing of the frame is
preceded by weakening the beams. The beam weakening transforms
the brittle weak column — strong beam frame into a ductile strong
column ~ weak beam frame. The lateral strength of the altered
frame is lower than that of the original structure bzcause the
beams hinge at a lateral load smaller than the column failure
load. But the ductility of the frame is increased significantly
because the failure mechanism is changed. The improved frame
still needs the strengthening and stiffening of the bracing

system, but Fig. 7.2.1 shows that the required bracing systen
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strength is reduced. The frame with weakened beams is safer at
ultimate state, because it has substantially higher ductility.
The lateral deformation capacity of the braced frame in this case
may actually be limited by the steel bracing system rather than
the reinforced concrete frame. Weak column — strong beam frames
are sometimes referred to as frames with captive columns.
Through the weakening of the beams the columns are

"decaptivated."

7.2.2 The r end g ratios. Two ratios are defined here
to facilitate a quantitative discussion of the beam weakening
Scheme.

Ratio q. For a frame member submitted to double

curvature, q is defined as the ratio of the shear Vyg leading to

shear failure over the shear V,r 1eading to flexural failure (see

Fig. 7.2.2). The q ratio is thus 2 measure of the "brittleness"
of the member. Values of q above 1 indicate a ductile failure
with flexural hinges. If g is smaller than one, the failure is
shear dominated. The smaller the q value, the more brittle the
behavior., The q ratio is particularly important for the columns
of weak column - strong beam frames because columns with q£1 lose
their lateral and possibly axial capacity at large lateral

drifts.
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Ratior. Figure 7.2.3 shows a beam column assemblage
under lateral loading., If Vou*h is the moment leading to column
failure and Vi8S the moment leading to beam failure, r is defined
as the ratio of V., *h to Vp,¥s. Vy is equal to Vyg if q 1s
smaller than one. If g for the beam is larger than one, then
Viy = (Mpy+ + Mpy-)/(s = b), where Mpy+ and Mpy~ are the beam
positive and negative moment capacities at the face of the joint.

The ratio r is a mesasure of the relative strength of the
columns and beams at a joint under lateral loading. A value of r
below one indicates that the columns are weaker than the beams.
As was seen above, frames with weak columns have an undesirable
failure mechanism. Weakening the beams should be considered as a
means of producing & strong column - weak beam frame. The beam
strength can be reduced to produce an r ratio above one. The
higher the r value, the lower the likellhood of yielding or
failure of the column in an earthquake. The ratio r can be
interpreted as the safety factor against column failure under
lateral loading.

The Prototype Frame., The q ratio for the columns and

beams of the prototype frame and the r ratio for the beam -
column joint are calculated below. The structural properties of

the prototype frame are given in Sec. 4.1.2.
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N
(X

Vous = 75 k Vous = 123 k

Moy = 255 k-ft Mpye = 650 k=Tt
Mpy~ = 308 k-ft

h =10 ft s =21 ft

d =6t b =1.5ft

pa = L ft 2a = 19.5

Vour = 128 k-ft Vpur = 49 k ft

Q¢ = Veus/Veur ap = Vpus/Vour

= 75k/128k = 0.59

fi

123k/U9k = 2.51

ro= Vouh/Vpus = (75k « 10 ££)/(49%k - 21 ft)

1/71.37 = 0.73

The calculation confirms that the prototype frame is a
weak column ~ strong beam frame (r = 0.73 < 1) with shear
dominated failure of the column (qe = 0.59 < 1).

7.2.3 Weakening Parameters. Figure 7.2.4 illustrates

weakening of the beams of the prototype frame. The beams are
altered to reduce the moments they can transfer to the columns.
Cuts are typically located at the face of the column where the
moments are highest under lateral loading. The depth of the cut
is u for a cut on top of the beam and v for a cut on the bottonm
of the beam. The length of the cut is w. The primary reduction

in flexural capacity comes from removal of the reinforcement, but
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Fig.7.2.4 Weakening parameters u, v and w
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there is also a reduction due to the change in section depth from
dtod—~- u-~- v.

Weakening increases the effective free height of the
column from 2a to 2a + u + v. Since the flexural capacity of the
column is unchanged, the ratio q, is increased by a factor (2a +
u + v)/2a. This increase is favorable for a brittle column (ge <
1) because it reduces the brittleness but not the strength (Vus
is not affected). But for a column with a flexure dominated
failure (q > 1), the increase in q corresponds to a proportional
decrease in strength. Vyr 1S reduced by a factor (2a + u + v)/2a
as a result of the increased column free height.

Practical examples of beam weakening are shown in Fig.
7.2.5 for a joint of the prototype frame (reinforcement
detailing in Fig. 4.1.3). Weakening can be carried out by
cutting or coring through the reinforced concrete beam. Coring
can be used to remove a particular layer of reinforcement. The
coring scheme of Fig. 7.2.5 is weakening scheme 3b of Sec. 7.U4;
in this scheme the second layer of negative reinforcement 1is
removed, If the beams are cut, small valuss of u and v result in
large reductions of the beam flexural capacity because most of
the reinforcement is located on top and bottom of the beams. The
effective length w of the weakened section is larger than the
spacing of the two extreme cuts or corings because of the

anchorage length of the cut reinforcement. The length w is
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important for the energy dissipation capacity of the flexural
hinge which develops in the weakened section at ultimate. If w
is too small, yielding and cracking cannot spread and the
rotation capacity is limited; w should be larger than half of the
effective section depth d — u — v.

The designer must check that the weakened beams can
perform their primary function, which is to carry the gravity
loads to the column, In the case of the prototype, the beams of
the prototype frame are much stronger than required for gravity
loading and can be weakened significantly. The spandrel beams
have sufficient positive flexural capacity to carry the gravity
loads as simple beams. The weakened section could, therefore,
lose all moment capacity, but it must retain adequate shear
strength. Figure 7.2.6 shows the shear transfer mechanism
through the weakened zone of the prototype beam (same weakening
scheme as in Fig. 7.2.5). A truss model is useful in choosing a
weakening scheme which preserves an adequate shear transfer
mechanism through the weakened zone. The model shows that

cutting the shear reinforcement must be avoided.

7.3 Braced Frame with Weakened Beams

The influence of weakening the beams on the behavior of
the braced frame under monctonic, reversed, and cyclic loading is

studied in this section. The subassemblage developed for the
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parametric study of Chapter 6 is used (see Fig. 5.3.1). The
brace design strength ratic is n = 2 and the slenderness ratio is
k&/r = 80. For this example, the weakening parameters are those
of scheme 3b in which the second layer of negative reinforcement
is cored (see Figs. 7.2.6 and 7.4.1). The monotonic lateral load
- drift relationships m(8) for the frame with and without beamn
weakening are compared in Fig. 7.3.1. In the original frame,
cracking of the columns and beams is followed by failure of the
column and the loss of the frame lateral capacity. The failure
sequence of the improved frame is different once the beams crack.
The beams hinge at 90% of the load which produces failure of the
column in the original frame. At larger drift, the lateral
strength is maintained and, in faét, increased because of strain
hardening in the beams. The weak column ~ strong beam frame with
r=0.73 is transformed into a strong column - weak beam frame
with r = 1.21. The improved frame has better deformability (see
Sec. 3.3) since the ultimate lcad is reached at a drift 20%
higher than in the original frame. The reduction of the frame
initial stiffness is insignificant,

The influence of beam weakening on the braced frame
behavior is shown in Fig. 7.3.3. The small loss in peak strength
is more than compensated by the stability of strength beyond peak

drift and by the protection provided against column damage.
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The positive impact of the weakening scheme on frame
behavior under reversed loading is shown in Fig. 7.3.2. The
original frame has no strength in the reversed direction because
loss of short column strength in one direction results in an
equivalent loss in the other loading direction. The improved
frame, the beam flexural hinges loses stiffness but not strength
under large deformation. As a result, the energy dissipation
capacity of the braced frame under reversed loading is higher if
the beams are weakened (see Fig. 7.3.4). The improved hysteretic
behavior of the braced frame with weakened beams is also observed
in the cyclic loading case (see Fig. 7.3.5).

In summary, the beam weakening scheme 3b for the
prototype frame:

- increases the r ratio at the frame joints from 0.73

to 1.21. The likelihood of column damage is thus

substantially reduced.

- does not reduce the elastic stiffness of the frame

significantly.

- maintains sufficient gravity load carrying capacity

in the beams. Does not the beam gravity loads.

- requires only a modest construction effort.

- does not reduce the aesthetic quality or disrupt the

function of the building.
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7.4 Parametric Study

7 4.1 Variation of Parameters u and w. Twelve

different beam weakening schemes for the prototype frame are
shown in Fig. 7.4.1. The weakening parameters u and v are varied
to cover a wide range of possible weakening schemes. The length
w of the weakened sections is fixed at 36". The lateral load
drift curves m(§) for the frames with weakened beams and for the

original frame are compared in Figs. 7.4.2 to 7.4.4.

Set 1, Weakening on Top of the Beam Only (see Fig.

7.4.2). The depth u of the cut is varied from 6" to 24", 1In all
four schemes, the main negative reinforcement is cut and the
spandrel beams are weakened substantially. For u = 6", the beam
moment capacity is reduced by 60% and the safety factor against
column failure is r = 1.76. The main effect of deepening the cut
depth u to more than 6" is to reduce the lever arm for the
positive moment reinforcement. The r ratio increases, therefore,
only to r = 2.28 when u is increased to 16". A new layer of
negative reinforcement is cut if u is deepened to 2un resulting
in a jump of r to 2.95. The q ratio, an indication of the
brittleness of the column {(definition in Sec. 7.2.1), 1s also
influenced by the value of u. It is improved from q = 0.59¢ for u
= 0" to g = 0.88 for u = 24", The required depth of top cut to

bring q above 1.0 is u = 34",
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The influence of the depth of weakening on the initial
stiffness of the frame can be seen in Fig. 7.4. The passage from
u = D" to u = 24" reduces the beam stiffness under double
curvature by 61%, but the frame lateral stiffness by only 249
(see Sec. 7.5 for discussion of the stiffness of the weakened
frame). Because of the large ratio of beam—-to-column stiffness,
a beam strain hardening ratio of 3% results in a frame strain
hardening ratio of 10%.

Cutting the negative reinforcement prcduces a greatly
underreinforced section. The negative cracking moment Map~ is
larger than the negative yield moment M, _. This could be a
problem for the gravity loading of the beams, which could
theoretically fail without warning. But there is enough flexural
capacity at midspan for redistribution to guarantee that the
ultimate gravity load is larger than the cracking load. For
seismic loading, the energy dissipation capacity rather than the
peak strength determines the safety at ultimate. A large
cracking moment does not in itself limit the energy dissipation
of a flexural hinge, M,. > ¥, is thus acceptable. If
underreinforcement is a problem for gravity loading, the concrete
section can always be reduced by additional coring around the
reinforcement. For simplification Mgy was lowered to the My
value for the schemes where M, > M,. In those cases, the frame

goes directly from the elastic range into strain hardening.
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Set 2, Weakening on Bottom of the Beam (see Fig. 7.4.3).

This set of weakening schemes is similar to the first one, except
that the bottom of the beam is weakened. The positive
reinforcement is smaller than the negative, so that a cut of v =
6" (Scheme 2a) increases the r ratio to only 0.99. A value of r
below 1.00 means that the column fails before the beams hinge.
The failure sequence and load - drift curve m(§) of frame 2a is,
therefore, similar to that of the original frame. The failure is
still controlled by the brittle failure of the short columns.
The failure drift is larger because of the weaker beams. If v is
increased to 12" (scheme 2b), the beams hinge (r = 1.14), But
the columns nevertheless fail at an interstory drift of 1%
because of the large strain hardening in the beams. The r ratio
is computed at the onset of strain hardening. ©r should be larger
than 1.2 to prevent column failure at high drift levels because
strain hardening in the beams can easily increase the moment
transferred to the column by 10 or 15%. Parameter v has to be
inereased to 24" for r to exceed 1.5.

Set 3, Miscellaneous (see Fig. T.4.4). 1In scheme 3a (u

= 3") the top layer of negative reinforcement is cut (see Fig.
7.2.5). The resulting r ratio is below 1.0 (r = 0.93), so that
the frame behavior at ultimate is dominated by brittle column

failure. Combining u = 3" with v = 3" (scheme 3c) achieves the
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goal of moving failure to the column (r - 1.28). Scheme 3D,
which consists of cutting the second layer of top negative
reinforcement (two #8 bars) results in a r ratio of 1.21. This
scheme was studied in Section 7.3 under reversed and cyclic
loading. Finally, if the top and bottom reinforcement is cut
(Scheme 3d, u = v = 6"), the beams lose 80% of their strength and
are highly underreinforced (Mcp/My = 1.79). The resulting ratio
r = 3.48 is unnecessarily high.

7.4.2 Choice of Parameters u, V. The choice of the

weakening scheme depends on the desired level of safety against
column damage. The defined r ratio dictates the choice of u and
v. In the section on seismic design the ACI Code [25] gives a
"minimum design requirement for the ratio of column to beam
strength. Section A.4.2.2 requires that IM /yMg 2 1.2, where Mg
is the flexural design strength of the columns (taking axial load
into account) and My is the design flexural strength of the
peams. Expressed in terms of ther ratio (with nominal rather
than factored beam and column strength) the requirement becomes r
> 1.2 (0.9 « 0.7) = 1.54, In the "Recommendations for Design of
Beam~Column Joints", ACI Committee 352R-85 proposes to reduce the
minimum required r ratio to 1,40 for joints which are part of the
primary system for resisting lateral loads. Paulay [33) has
suggested that for a number of reasons it is improbable that the

ACI requirement of A.4.2.2 "would fulfill its intent which is to



reduce the likelihood of yielding in the columns." The main
reason is that the ACI Code does not consider the enhancement of
the beam strength, due to the slab reinforcement and to strain
hardening. Paulay recommends designing for r values between 2
and 2.5.

The twelve weakening schemes investigated above produce
r values ranging from 0.93 to 3.48. The designer of the retrofit
scheme can "tune" the safety level against column damage as
desired. A high safety level is particularly desirable in the
case of brittle short columns. The lower the ratio ¢
(brittleness factor), the higher the r ratio should be.
Producing the desired r ratio may not always be possible because
it would threaten the ability of the beam to carry gravity loads
to the columns. In such a case, any increase of the r ratio is
welcome. In this respect all twelve weakening schemes of Sec.
7.6.1 are better than "no beam weakening." Schemes Za, 2b, and
3a (r = 0.99, 1.14, and 0.93) would probably fail to achieve the
primary goal of weakening which is to prevent column failure in a
strong earthquake, but they would nevertheless improve the
failure mechanism. Values of r above 2.0 are unnecessarily high.
A value of r between 1.5 and 2.0 is recommended for retrofitting

involving weakening of the beams.
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7.5 Stiffness of the Weakened Frame

For a given column stiffness, the frame lateral
stiffness is a function of the beam stiffness. The influence of
the ratio of beam~-to-column stiffness on the frame lateral
stiffness is shown in Fig. 7.5.1. The beam and column stiffness
are the flexural stiffness of the member under double curvature.
Only flexural deformations were considered in the calculation of
the frame stiffness. The frame stiffness is normalized with the
stiffness of the frame with infinitely stiff beams. If the beams
have no stiffness, the frame lateral stiffness is zero (like a
pinned column). If the beams are infinitely stiff, the frame
stiffness is that of the column with fixed ends. In the case of
the prototype frame, the beam stiffness under double curvature is
about three times that of the columns. The resulting frame
stiffness is about 79% that of the frame with infinitely stiff
beams. Figure 7.5.1 shows that the high relative stiffness of
the beam places the frame in the portion of the curve where the
slope is small. Changes in beam stiffness result in
comparatively small changes in frame stiffness. Most of the
frame flexibility is in the column.

Figure 7.5.2 shows the impact of weakening scheme 1d
(see Sec. T.4.1) on the frame stiffness. The 24" deep and 36"
long cut reduces the beam stiffness by 61% and results in a loss

of frame stiffness of only 24%. The other weakening schemes
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all cause smaller reduction in frame stiffness.

If
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()}

the length w

of the cut is increased from 36" to 60", the loss in frame

stiffness is still small (about 30%).
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CHAPTER 8

SUMMARY AND CONCLUSIONS

&.1 Summary

The intent of the study is to examine problems faced in
the design of the retrofitting of a reinforced concrete frame
with a steel bracing system.

The first portion of the study is not limited to steel
bracing schemes. Concepts are studied which are useful for the
discussion of any retrofitting operation. The evaluation of the
seismic adequacy of a structure is discussed and various
approaches for seismic retrofitting of inadequate structures are
studied. Means are developed to assess the impact of
retrofitting on the seismic safety of the structure. The aim of
retrofitting is defined in terms of strength, stiffness and
ductility.

The rest of the study is specific to the retrofitting of
reinforced concrete frames with steel bracing systems.
Applications and previocus research are reviewed. A simple
approximate analytical model for a braced frame is developed.
The selection of frames and bays to be braced and of a bracing
pattern is discussed. The advantages of matching the

deformability of the bracing system and the existing frame are
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investigated. A parametric study is carried out to find the best

weakening scheme for the beams of the prototype frame.

8.2 Conclusions

The study of the retrofitting of reinforced concrete
frames with steel bracing systems leads to the following
conclusions. Information gained from the experimental portion of
the project and reported in [29] is included.

8.2.1 Design Considerations.

Retrofitting Aim. The choice of the retrofitting

technique and configuration depends on the specific structural
deficiencies and properties of the structure. The weaknesses
must be corrected without introducing new ones. Improvements in
strength should not be the sole consideration. Changes in the
ductility, stiffness, and natural periods of vibration of the
structure also affect the seismic performance of the structure.

Adequacy of the Bracing Scheme. Steel bracing systems

are very well-suited for retrofitting operations aimed toward
strengthening and/or stiffening reinforced concrete structures.
The retrofitted structure can be designed to respond in the
elastic range because most of the strength added by the bracing
system is elastic (for brace slenderness ratios below 100). The

strength and stiffness of the bracing system can be adjusted to
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good hysteretic behavior of the braced frame. Tests show that
the alternate buckling and yielding of the brace is linked with
large local deformations at the brace connections which may lead
to failure. Even if buckling does not lead to failure, it limits
the brace energy dissipation capacity. To avoid the problems
associated with inelastic buckling, it is recommended that the
bracing system be designed to respond in the elastic range. The
connections of the bracing system should nevertheless be detalled
for ductile behavior in case the design loads are exceeded. It
is also recommended that the effective brace slenderness ratio be
kept below 80 to encourage good hysteretic performance.

Prevention of Inelastic Buckling. There are two ways to

prevent braces from buckling inelastically. One is for the brace
slenderness ratio to be low enough for yielding to take place
instead of buckling. Such braces display excellent hysteretic
behavior and provide the braced frame with very significant
energy dissipation capacity. The slenderness ratio of a brace
can be lowered artificially by the use of a "buckling fuse.' The
other way to prevent inelastic buckling is for the brace
slenderness ratio to be large enough for buckling to be elastic,
as in cables. Large hysteretic energy dissipation cannot be
expected from a system with braces buckling elastically. The

cables could be prestressed to improve the serviceability



obtained by the simple superposition of the load—drift curve for
the reinforced concrete frame and the bracing system. The
buckling length of the braces should be adjusted to account for
the restraint provided by the frame.

The basic behavior of a steel braced frame under cyclic
lateral loading can be studied adequately using a simple
subassemblage representing an elemental unit of the frame and
bracing system, The use of that basic unit may also be
advantageous in experimental research.

8.2.3 Nonstructural Considerations

Disruption. The bracing system is typically attached to
the exterior of the perimeter frames. The disruption to the
operation of the building during and after construction is
minimized in-comparison to other schemes which require
construction work in the interior of the building. No
modification to the window is necessary. Interior furnishing
could possibly be left untouched.

Construction. The bracing system can be prefabricated

and erected rapidly with a minimum of manpower and equipment.
But close quality control is essential, especially with respect
to weld inspection, and a moderate to high level of labor skill
is necessary. Large fitting tolerances must be allowed because

of expectéd variation in actual frame dimensions.

Q
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Aesthetics. The configuration and proportions of an
exterior bracing system must be chosen carefully to avoid
damaging the appearance of the building. The retrofitted
puilding should not "advertise" that it was "fixed", that the
bracing system was added. The bracing system should appear to be
a natural component of the structure. The configuration,
detailing, and color of the bracing system can be used to give
personality to an otherwise plain building. It may often be
possible to enhance the aesthetic quality of a building with a

carefully shaped exterior bracing system.

8.3 Suggestions for Research

The conceptual and analytical study suggests the need
for experimental research in the following area:

Connections. The connections in the bracing system and
between the bracing system and the frame must not be the weak
link in the structure under cyclic loading. Research on the
detailing of those connections 1is needed to improve their
reliability under seismic loading.

Use of Cables. The idea of using cable as bracing

elements must be researched, particularly in regards to energy
dissipation. The possibility of prestressing the cables to

improve the behavior at serviceability should be investigated.



Axial Capacity of Short Columns Loaded Laterally. At

large lateral drifts short columns suffer damage which can
substantially reduce their axial capacity. At large lateral
drifts the bracing system may provide adequate lateral strength,
but the frame may not be able to carry the gravity loads. The
lack of available experimental data on this problem hinders
evaluation of the seismic safety of a braced frame with short
columns.

Beam Weakening. Experimental research 1s necessary to

confirm the effectiveness of improving the seismic performance of
a braced frame with weak columns by weakening the beams. Various
possible weakening techniques should be investigated. Guldelines

for the design of weakening schemes could be developed.

The goal of future experimental research should be to
provide information for the development of design guidelines for
the retrofitting of reinforced concrete frames with steel bracing
systemnm, Research is also required to ascertain the cost
effectiveness of the retrofitting scheme and improve the
construction techniques. The need for research must be evaluated
in view of the growing demand for seismic retrofitting of
existing structures in the U.S. The photograph of Fig. 8.3.1 is
witness to the upcoming need for seismic retrofitting with

bracing systems.
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APPENDIX A

A.1 Beam Column Element EL7

Beam column element EL7 was developed for this study to
model reinforced concrete column and beam behavior under cyclic
loading. EL7 was created by modifying library beam element ELE
[31]. The modification was necessary because EL6 can not
adequately reflect the behavior of short columns under lateral
loading (Sec. 3.7). EL7 has a more sophisticated inelastic
component than EL6: it is quadrilinear instead of bilinear and
can accommodate negative stiffness.

Element EL7 possesses flexural and axial stiffness, but
the moment—axial force interaction is not reproduced. Shear
deformation, P—~8 effects and rigid joints can be modeled. ELY is
a single component model in flexure. A perfectly elastic beam is
in series with two end springs (Fig. A£.1.1). The nonlinear
hysteretic behavior is reproduced by those two rotation springs.

EL7 can be used for modeling short columns (See Sec.
3.6). Since the inelastic behavior is reproduced by the end
rotational springs, the model's behavior has to be controlled
through the end moments rather than the shear. For a column
under double curvature and with the inflection point in the
middle, the end moment and the shear are proportional. EL7 can

then be used adequately to model a shear—controlled behavior.
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But the further the inflection point is from midheight, the more
the end moments and the shear diverge, and the less appropriate
it becomes to use EL7 for the modeling of a shear—~dominated
component. Fortunately, for most frames under seismic loading,
it is reasonable to assume a midheight position of the column
inflection point.

The constitutive hinge moment relationship for the
flexural springs is shown in Fig. A.1.1. The length and the
slope of segments OA, AB, and BC can be defined freely. This
gives the user much liberty in the shaping of the spring
"backbone curve." EL7 is thus a versatile element: it can model
a flexure~dominated behavior (see Fig. A.1.2a), or a shear-
dominated behavior (e.g. short column) (see Fig. A.1.2b).

The hysteretic behavior of the spring is based on the
Takeda model and reflects observed experimental behavior for
reinforced concrete components (including Bauschinger effects).
The hysteretic rules are shown in Fig. A.1.2 both for the flexure
and shear dominated behavior. The quadrilinear backbone curve
described above is used as an envelope for the cyclic moment-
rotation relationship.

A reinforced concrete component submitted to cyclic
loading loses stiffness. The hysteretic model reproduces this
stiffness degradation. When the load changes sign, the reloading

stiffness depends on the amount of accumulated nonlinear
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rotation. The bigger the inelastic rotation, the lower the
loading stiffness Ko, If the reversal point is on segment AB of
the envelope (points 2 and 5 in Fig. A.1.2), the loading
stiffness Ky in the following cycle (segment 6-7) is computed
with point B as "aim point." For a load reversal on segment BC
or CD of the envelope (point §), the "aim point" for loading in
the reversed direction (segment 9-~10) is the point with opposite
rotation and moment, i.e. symmetric with respect to the origin.
This Feature was introduced to reproduce the observed behavior of
a short column under cyclic lateral loading. If the column is
cycled past the peak shear load, on the softening part of the
load-deformation curve, any strength loss in one direction
results in comparable strength loss in the other direction. The
experimental curve of Fig. A.1.3 illustrates this behavior. This
feature gives acceptable hysteretic behavior for the flexure-
dominated element also (see Fig. A.1.2a).

The amount of pinching is controlled by parameter a. If
o = 0, the unloading stiffness K, is equal to the initial
stiffness, and there is no pinching. If o = 1.0, the pinching is
maximum because Ky is computed for the hysteresis loops to have a
zero widbh at the origin. o typically lies between 0.0 ad 0.4,

The main shortcoming of hysteretic model ELT is its

failure to reproduce the stiffness degradation of areinforced
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concrete element which is cycled several times to a given
inelastic displacement. This model only introduces stiffness
degradation when the peak displacement is increasing from one

cycle to the next.

A2 Buckling Element EL10

End moment buckling element EL10 [16] was developed for
use with DRAIN-2D., It models steel membefs, with fixed ends,
subjected to cyeclic loading. The model is based on experimental
work described in Sec., 1.2. EL10 has flexural and axial
stiffness. 1In flexure, EL10 is a two component model: a perfect
elasto-plastic component is paralleled by a perfectly elastic
component. The elastic component models strain hardening. The
end moment axial force interaction diagram for the elasto plastic
zlement is shown in Fig. A.2.1.

The axial hysteresis behavior of the element is shown in
Fig. A.2.1. The energy dissipation capacity under cyelic loading
is controlled primarily by the post-buckling load level PYNC,
which is typically between 0.3 and 0.6 of the buckling load PYN.
After the first cycle, the maximum compr;ssion load is PYNC., The
location of point F is a function of the slenderness ratio k/r.

In the original element EL10, the rate of capacity
degradation after flirst buckling is independent of the

slenderness ratio. In other words, the slope BC in Fig. A.2.1 1is
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independent of K&/r. This was changed for the study herein; the
change was based on experimental work [11]. Fig. 1.4.6 shows
that the loss of capacity following buckling is "faster" for
slender members. A new equation is introduced which gives a
steeper slope BC for a slender member:
SBC = 3 ¥ (80/(k&/r)) * (1/(1 - PYNC/PYN))

The effect of the change in the computation of slope BC on the
modeled brace behavior can be seen in Fig. 6.2.1.

The main shortcoming of the model is its failure to
reproduce the progressive decrease of the buckling load in the
first 5-10 cycles. Recent research has produced more
sophisticated models, but axial hysteresis of EL7 strikes a good
balance between numerical simplicity and complex experimental

behavior.
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