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CIE 619 Earthquake Engineering and Structural Dynamics II
Instructor: Andrew Whittaker


SEISMIC DESIGN, EVALUATION, AND RETROFIT OF BUILDING STRUCTURES

This module presents information on seismic design, evaluation, and retrofit of building structures. The key references for this module are the 2000 NEHRP Recommended Provisions (FEMA 2000a) and FEMA 273 (FEMA 1997) or FEMA 356 (FEMA 2000b). This module includes information on

· Preliminary design and proportioning of components in new framing systems

· Seismic framing systems in structural steel

· Procedures for evaluation of new and existing construction

· Strategies for seismic retrofit of existing construction using

· Conventional methods and materials

· Composite materials

· Seismic protective systems
SECTION 1. preliminary design and proportioning of new systems

1.1 Traditional Analysis, Design and Detailing Procedures for Buildings

1.1.1 Design Base Shear

Traditional seismic analysis has been based on analysis of linear elastic models of building frames using forces derived from an acceleration response spectrum. The equation for the maximum design shear force at the base of a building (V) has traditionally taken the form
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where R is a response modification factor, 
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 is the elastic spectral response for fundamental period T and damping ratio 
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, and W is the reactive weight. If R is set equal to 1.0, the design base shear is that associated with elastic response in the building frame. More typical values for R are in the range of 6 to 8 for ductile reinforced concrete framing systems.

· Implications?

The 2000 NEHRP Recommended Provisions present values of R for different framing systems. Values of R , 
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 (overstrength factor) and 
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 (deflection amplification factor) are presented in the following table for some ductile framing systems. Given that the overstrength factor is essentially identical to the strength factor 
[image: image6.wmf]S

R

, back-calculated values for the ductility factor, 
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, are also listed in the table. More discussion on the overstrength factor is presented below. 

The deflection amplification factor is used to calculate (per the Provisions) the inelastic displacements of the building frame, 
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. The factor is used as a multiplier to the elastic displacements calculated using the reduced lateral seismic forces, 
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, namely
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Because values of 
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 are less than R for most framing systems, and if one assumes that the equal displacements rule (maximum inelastic displacement equal to maximum elastic displacement) holds true, inelastic displacements calculated using the 2000 NEHRP Recommended Provisions will be likely be unconservative (low), sometimes substantially low. Improved estimates would be obtained by imposing the equal displacements rule, namely,
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	Steel

	Special moment frames
	8
	3
	5.5
	2.66

	Eccentrically braced frame (EBF)
	7
	2
	4
	3.5

	Special concentrically braced frames 
	6
	2
	5
	3

	Moment frame (25%) and EBF 
	7
	2.5
	4
	2.8

	Reinforced Concrete

	Special moment frame
	8
	3
	5.5
	2.66

	Special shear walls
	6
	2.5
	5
	2.4

	Moment frame (25%) and special shear wall
	8
	2.5
	6.5
	3.2


What is the technical basis for the values of the overstrength factor?

Do the relative values in the above table make sense?

· Steel and reinforced concrete moment frames?

· Levels of ductility in different systems?

· Lack of period dependence, especially as T approaches 0?

1.1.2 Lateral Force Distribution

Once the design base shear force is established, this force is distributed over the height of the building using a profile that is generally related to the first mode shape of the buildings. See the cartoon below. The 2000 NEHRP Recommended Provisions write that the lateral force at level x, 
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 shall be determined as
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where V is the design base shear (see Section 1.1.1) and  
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 is an vertical distribution factor that is given by
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where 
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 is the portion of the total gravity load W assigned to level i (or x), 
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 is vertical distance from the base to level i (or x), and k is an exponent related to the period T as follows: k = 1 for 
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 second; k = 2 for 
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 seconds; and for 
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 seconds, k can be determined by linear interpolation.
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1.1.3 Lateral Load Analysis, Capacity Checks and Prescriptive Details

Together with gravity loads, the lateral forces 
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 are imposed on a linearly elastic model of the building frame. The resulting moments, shears, and axial forces are used to proportion the components of the building frame. See Section 1.1.5 for additional discussion on the earthquake effect, E.

Capacity checks of certain components are then undertaken and prescriptive details are applied with the objectives of

· Preventing undesirable failure modes.

· Such as what in reinforced concrete moment frames?

· See the following section for information on steel framing systems

· Providing sufficient inelastic rotation capacity in selected components

· Such as what in reinforced concrete moment frames?

· See the following section for information on steel framing systems

1.1.4 Redundancy and Earthquake Effects

The 2000 NEHRP Recommended Provisions write that the combined effect of horizontal and vertical earthquake-induced force E is calculated as:
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where 
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 is the redundancy factor, 
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 is the effect of horizontal earthquake forces, and D is the dead load effect.

· Why the 
[image: image29.wmf]±

?

How do you calculate the redundancy factor? Formally, follow Section 5.2.4.2 of the 2000 NEHRP Recommended Provisions but this approach is technically incorrect. Also, the redundancy factor only applied for Seismic Design Categories D, E, and F. Why not to A, B, and C? (Design categories are based on the use (occupancy) of the structure and the seismic hazard. For examples, Category A is for standard facilities and low design spectral demand, and Category F is for important facilities and high design spectral demand.)

Section 5.2.4.2 of the 2000 NEHRP Recommended Provisions writes that the redundancy (or reliability) factor be calculated as
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where 
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 is calculated for the most heavily loaded vertical element in the story under consideration and is the ratio of the design story shear in that element to the total story shear, and 
[image: image32.wmf]x

A

 is the floor area (in square feet) of the diaphragm immediately above the story under consideration. The system redundancy factor in the direction under consideration is the largest value for all stories in that direction. 

Why is this equation flawed?

· Redundancy has nothing to do with floor area

· No weighting given to relative strength and stiffness of the bays of vertical framing in each direction of the building

A simpler approach was proposed in ATC-19 prior to the introduction of the above equation into the Uniform Building Code and the NEHRP Recommended Provisions. The ATC-19 report proposed the following table of redundancy factors that were to be applied to the value of R for the framing system under consideration. 

	Lines of Vertical Seismic Framing
	Redundancy Factor

	2
	0.71

	3
	0.86

	4
	1.00


The lines of vertical seismic framing in the table were required to be of similar strength and stiffness.

· Why similar

· How similar is similar

1.1.5 Reserve Strength and Earthquake Effects

For design of selected components and to avoid brittle failures, the structural engineer is often interested in the maximum seismic force that can develop. The capacity checks (e.g., strong column-weak beam) in the 2000 NEHRP Recommended Provisions attempt to serve this purpose. 

Consider the discontinuous shear wall shown in the sketch below that is supported by two reinforced concrete columns. The 2000 NEHRP writes that the earthquake effect for the design of the columns beneath the wall be calculated as
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where 
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 is the overstrength factor for the system under consideration.

· Why make this calculation?

SECTION 2. seismic framing systems in structural steel

2.1 Steel Lateral Force Resisting Systems

The AISC Seismic Provisions (1997) identify a number of lateral-force-resisting systems:
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Of these systems, we will consider the Special Moment Frame, the Eccentrically Braced Frame (EBF), the Concentrically Braced Frame (CBF), and a framing system composed of Buckling Restrained Braces (BRB). Note that BRBs will be discussed further in the module on seismic protective systems. The advantages and disadvantages of steel moment frames and steel braced frames are identical to those for reinforced concrete moment frames and reinforced concrete shear walls, respectively. Importantly, the braced frames are stiff and strong, but impose planning constraints on the architect. The moment frames can be redundant (but were not in Northridge) and permit substantial planning flexibility. However, moment frames are often flexible, and such flexibility can result in substantial damage to non-structural components. 

2.2 Special Moment Resisting Frames

2.2.1 Seismic Analysis and Design

For moment frames, the design objective is to dissipate energy in the moment-frame beams and panel zones. The ideal mechanism, a beam sway mechanism, is shown in the left hand figure below. Design procedures are intended to avoid soft story mechanisms such as that shown in the right-hand figure. 
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Steel moment frames are designed for code-specified forces with some capacity checks, as follows:

1. Calculate earthquake loads using R = 8

2. Impose lateral loads on the frame and size beams and columns

3. Use compact sections: see table on following page from AISC (1997)

4. Check drifts and (typically) increase beam sizes

5. Satisfy the strong column-weak beam requirements of AISC (see sketch on following page from Bruneau et al.)

6. Check the panel zone requirements and add doubler plates as necessary

a. Cost-effective to increase column weight rather than add doublers
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2.2.2 Construction Photographs
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Note the continuity plates in the columns of the frame in the above photograph. In the photograph below, note the thickness of the column flanges and the lack of continuity plates.
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2.2.3 Earthquake Damage and Recent Research

The steel moment resisting frame was the most popular seismic framing system in Southern California prior to the 1994 Northridge earthquake.

· Construction details

· Very large columns and beams in a limited number of bays of seismic framing

· Use of non-toughness rated weld metal; high-deposition rate filler metal

· Substantial departure from laboratory-tested practice in the 1970s

· Lack of redundancy: see the figure below.
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The Northridge earthquake damaged more than 200 steel moment-frame buildings in the epicentral region. Damage was observed in columns, beam-column welds, beam-column panel zones, and beam-column shear tabs. Some sketches of the observed damage are shown below from FEMA 267:
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Figure 3-3 - Types of Column Damage
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Figure 3-4 - Types of Weld Damage
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Figure 3-6 - Types of Panel Zone Damage







Some photographs of the observed column fractures can be found at the following URLs: 

· http://www.mip.berkeley.edu/eqiis_img/5074_1631_0641/IMG0029.jpg
· http://www.mip.berkeley.edu/eqiis_img/5074_1631_0641/IMG0030.jpg. 

What were the causes of the observed damage?

· Connection geometry

· Highly constrained connections produce a state of triaxial tension at the column face
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· Shear-force transfer through the beam flange to the column

· Poor quality weld metal and defects at critical locations

· Non-toughness rated filler metal

· High-deposition rate electrodes

· Use of backing bars and end dams create stress risers

[image: image82.bmp]
Shortly after the Northridge earthquake, the SAC Joint Venture was formed to

· Understand the causes of the observed failures (Phase I)

· Develop methods for the repair of earthquake-damaged connections and retrofit undamaged buildings (Phase I)

· Develop methods and prequalified connections for new moment-frame construction (Phase II)

Some of the products of the SAC Phase II project (FEMA 350, 351, 352, and 353) can be ordered directly from FEMA.

2.2.4 New Moment Frame Construction

Earthquake induced energy is (ideally) dissipated in moment frames in

· [image: image83.jpg]——




Beams as flexural hinges

· Panel zones as shear-yielding hinges

The hysteresis in these components should (ideally) be stable and well rounded.

· See figure to the right for a beam.

Can the hysteresis shown in the above figure be achieved with new moment-frame construction?

· Perhaps but the hysteresis will be dependent on the compactness ratios of the beam flange and beam web

What are the options for moment-frame construction in regions of high seismicity?

· All widely accepted options relocate the plastic hinge away from the face of the column except for the free-flange connection and the proprietary slotted-hole connection
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What is the impact of relocating the plastic hinge away from the column?

· Demands on the column and panel zone are increased

· Increased plastic rotation demands for a given level of story drift

How is the hinge relocation achieved?

· [image: image85.png]


Reinforcing connection at the face of the column

· See right

· Weakening the beam away from the column face

· See below
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The first four options strengthen the beam at the face of the column and force the hinge out into the beam. The option C (side plate connection) is proprietary. At this time, the preferred solution is the Reduced Beam Section (RBS) or the dogbone: the radius cut detail immediately above. Other somewhat popular connections are:
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Welded flange plate or cover-plate connection
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Free-flange connection


Some issues associated with the welded flange plate or cover-plate connection are

· Shear force transfer from the beam into the column

· 50+ percent of shear force transferred through the flanges

· Beam theory cannot be used to predict stresses and strains, especially near the face of the column and at the nose of the reinforcing plate

· See the figure below that shows results of ABACUS analysis of a plate reinforced connection
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· Design of the fillet welds to transfer force out of the beam flange into the cover plate or flange plate

· Separation of the plate and the beam flange
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2.3 Eccentrically Braced Frames

2.3.1 Introduction
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For eccentrically braced frames, the design objective is to dissipate earthquake-induced energy in the shear or moment links and to protect the remainder of the frame from inelastic action, including the braces. Sample eccentric braced frame (EBF) configurations are shown below from Bruneau et al. (1997). 

Of these three configurations, the split-K configuration is likely the best because large moments (approaching or equaling the plastic moment) are avoided near the column. The kinematics of four types of EBF are shown below:
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2.3.2 Seismic Analysis and Design and Construction Details

Eccentrically braced frames are designed for code-specified forces with some capacity checks, as follows:

1. Calculate earthquake loads using R per the 2000 NEHRP Recommended Provisions.
2. Impose lateral loads on the frame and size link beams, braces, beams and columns

a. Use compact sections

3. Check drifts and but typically okay with braced frames

4. Design the eccentric braces and the beams outside the links to remain elastic using capacity procedures using estimated material strengths and some level of strain hardening; see also Section 2.3.4. 

5. Detail the links with full-depth web stiffeners per AISC; brace the ends of the link to avoid LRB with the 6% rule of AISC
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What construction details are employed to achieve the large shear strains shown in the above figure? The figures below (from AISC, 1997) illustrate common EBF link-to-brace connections. 
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2.3.3 Construction Photographs

Below are some construction photographs of split-K EBFs.
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2.3.4 Design and Detailing of Links

[image: image95.png]


The picture below is of a D-braced EBF in which the link is CJP welded to the column: a box column in this instance. 

What are some of the design issues associated with this connection?

· High rotation demands at the column face

· Backing bars at the underside of the beam flanges

· Run-off tabs at the underside of the beam top flange

· Connection of WF brace to the end of the link

· Lateral bracing of the end of the link near the brace

What types of links are defined in the AISC Seismic Provisions?

· Shear links (primary mode of deformation in the link is shear)

· Link stiffened as shown above to promote formation of diagonal tension field and delay FLB and WLB

· Also known as short links

· Link length 
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· Provisions based on the work of Popov and his PhD students at Berkeley in late 1970s and 1980s.

· Moment links (primary mode of deformation is flexure)

· Also known as long links

· Link length 
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· Provisions based (loosely) on the thesis work of Engelhardt at Berkeley in late 1980s

Sample deformations in a long unstiffened link of small (WF) size is shown below

· FLB and WLB are evident
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The AISC Seismic Provisions write rules for detailing link beams. See the Provisions for complete details. Some rules for link beam design include:

· Sections to be compact per AISC for seismic design

· Why?

· Yield strength of steel shall not exceed 50 ksi

· Why?

· Link web shall be single thickness with no doublers and no web penetrations

· Maximum rotation angles:

· 0.08 radian for short links

· 0.02 radian for long links

Other practical issues that must be considered when designing eccentrically braced frames include the axial forces in the links and beams surrounding the links. The figures on the following pages show sample force distributions in two types of eccentrically braced frames.

[image: image46.png]



2.4 Concentrically Braced Steel Frames

2.4.1 Introduction

For concentrically braced frames, the design objective is to dissipate energy in yielding and buckling braces. Some sample brace configurations are shown at the top of the following page.

2.4.2 Seismic Analysis and Design

Concentrically braced frames are designed for code-specified forces with some capacity checks, as follows:

1. Calculate earthquake loads using R per the 2000 NEHRP Recommended Provisions.
2. Impose lateral loads on the frame and size braces, beams and columns

a. Use compact sections for link beams, beams, and columns

b. Satisfy brace slenderness ratio limits

3. Check drifts and but typically okay with braced frames

4. Undertake capacity checks that differ as a function of the type of concentrically braced frame under consideration
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2.4.3 Types of Concentric Braces and Behaviors

The seismic response of a concentrically braced frame is highly dependent on the hysteretic response of the bracing members. Three parameters affect the hysteretic response of braces:

· slenderness ratio (
[image: image47.wmf]l

)

· end conditions (k)

· section shape (I, A)

Braces are routinely classified as slender, intermediate, or stocky. The slenderness ratio is calculated as
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· Slender braces have large 
[image: image49.wmf]l

, 

· Stocky braces have small 
[image: image50.wmf]l

, and 

· Intermediate braces have a slenderness ratio between stocky and slender. 

Sample slenderness values are 40 (stocky), 80 (intermediate), and 120 (slender). Some hysteresis loops are shown below for TS braces. 

[image: image98.png]1.00+

0.754
SLENDERNESS RATIO: KUr = 80





Compare the maximum tensile and compressive strengths of the above brace. How rapid is the loss of strength with repeated cycling?
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Compare the maximum tensile and compressive strengths of the above brace. How rapid is the loss of strength with repeated cycling?
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Compare the maximum tensile and compressive strengths of the above brace. How rapid is the loss of strength with repeated cycling?
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Very slender braces such as that shown immediately above have little stiffness in the buckled configuration. Also, such a brace loses strength rapidly with repeated inelastic load cycles and does not return to its original geometry. Consider the axial force-versus axial deformation relationship for a slender WF brace as shown below from Bruneau et al.

Consider the change in stiffness of a slender concentric brace with repeated cycling: from the red line to the green line. The change in stiffness is by a factor of approximately 25. Is this acceptable?

2.4.4 Special Concentrically Braced Frames

What type of brace is permitted in special concentrically braced steel frames by AISC? 

· Slenderness limit: 
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· For 
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 ksi, the limiting slenderness ratio is 141

· Compactness: must be compact (b/t, D/t) per Table I-9-1

Connections for special concentrically braced steel frames must be designed using capacity principles for axial strength and detailed to permit plastic hinge formation at the ends of the brace in the gusset plate when the brace is buckling out of its plane. Also, the beams at the intersection of V-braced (chevron) frames must be designed to avoid plastic hinge formation due to out-of-balance vertical forces, as indicated by the sketch below.
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2.4.5 Construction Photographs

One application of a concentrically braced frame on the UC Berkeley campus is shown below. X braced frames were used to retrofit this non-ductile reinforced concrete framed building.

· Why was steel used?

· Why were braced steel frames used in this configuration?

2.5 [image: image103.jpg]


Buckling Restrained Braces

2.5.1 Introduction

Buckling restrained braces (or unbonded braces) were developed in Japan to overcome some of the problems identified above with concentric braces, namely,

· Rapid degradation of strength and stiffness with repeated cycling

· Large difference between maximum axial forces in tension and compression

· Large out-of-balance load on beams that intersect with concentric braces (See Section 2.4.4)

[image: image104.wmf] 

Unbonded braces (see the photographs below) were developed by Nippon Steel in Japan in the 1980s but only recently have garnered the attention of earthquake engineers in the United States. Although unbonded braces were originally considered as hysteretic damping devices, many structural engineers are now advocating their use as steel bracing elements. This subject is discussed in more detail in the module on seismic protective systems.
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Unbonded braces have similar axial (yield) strengths in tension and compression, with the maximum difference being less than 20 percent. As shown in the figures below, the hysteresis of such braces is well rounded with no significant degradation. As such, 

· The strength and stiffness of unbonded braces do not degrade with repeated cycling.

· The difference between the maximum axial forces in tension and compression is small.

· The out-of-balance load on beams that intersect with unbonded braces is small.
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2.5.2 Seismic Analysis and Design

No analysis and design procedures have yet been formally adopted for buckling restrained braces although draft procedures are now available through a joint effort of SEAOC and AISC. A copy of these procedures and commentary are available at the CIE 619 web site.

In summary, the authors of the procedures propose that buckling restrained braced frames be designed as a traditional concentric braced frame, that is, using elastic analysis procedures and appropriate values of R, 
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, and 
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. The proposed values are listed in the table below.

	Framing system
	R
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	Buckling restrained brace frames
	8
	2
	5.5

	Dual system with buckling restrained brace frames
	9
	2.5
	5.5


2.5.3 Construction Photographs
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Marin County Civic Center Retrofit

California

(courtesy of I. Aiken)
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Hildebrand Hall Retrofit

UC Berkeley

California

(courtesy of I. Aiken)
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Plant and Environmental Sciences

UC Davis

California

(courtesy of I. Aiken)

SECTION 3. EVALUATION OF NEW AND EXISTING CONSTRUCTION

3.1 Introduction

The process of seismic evaluation of a building involves decisions related to

· Performance of structural and non-structural components

· Earthquake hazard

· Discussed in detail in Module 02

This section of Module 04 introduces procedures for the seismic evaluation of building construction, with emphasis on structural framing systems. 

3.2 Evaluation of Non-Structural Components

Notwithstanding the focus of Section 3 on structural components, the response of non-structural components must too be evaluated because the performance of such components can often dictate system performance. For example,

· Emergency care facilities (a focus of MCEER)

· Chip-manufacturing plants

· Command and control centers

How can an engineer evaluate the likely response of non-structural components? What dictates the response of different non-structural components? Acceleration? Velocity? Displacement?

· Ceiling systems

· Partitions

· Fire doors

· Vertical piping systems

· Horizontal piping systems

For this discussion, use is made of information presented in FEMA 273/274: the predecessor documents on FEMA 356. Below are two tables from FEMA 273 that list damage for the four performance levels of

· Hazards reduced: not really a performance level)

· Life safety: lacking a crisp definition

· Immediate occupancy: definition is           

· [image: image110.png]


Operational: definition is
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How useful is the information in these two tables?

How does an engineer determine whether a fire alarm system will function after an earthquake?

What are minor leaks at a few joints in a piping system?

The descriptions listed in the tables above are useful to a point but of little use vis-à-vis the evaluation process? What are needed?

· Quantitative measures

· Performance is a function of what?

Despite the importance of the performance of non-structural components in the assessment of building system performance, there is relatively little data on the seismic behavior of non-structural components and the data that are available have not yet been systematically collected and processed. Some data are available from standardized tests.

· But is the test fixture a reliable representation of the in-service condition

· Must interpret data with great care

Consider the text fixture below that was used at UB in 2001/2002 for the evaluation of suspended ceiling systems. This fixture was designed and detailed to meet the intent of the ICBO specification that was used to assess the performance of the ceiling systems.
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Data from testing programs such as that noted above can be presented in a variety of formats. One popular format is the fragility curve, which is shown in cartoon form below.

[image: image113.png]Nonstructural Performance Levels and Damage—Mechanical, Electrical, and Plumbing

Table 2-7
Systems/Components
Nonstructural Performance Levels
- Hazards Reduced Life Safety Immediate Operationai

System/Component N-D N-C Occupancy N-B -

Elevators Elevators out of Elevators out of Elevators operable; Elevators operate.
service; service; can be started when
counterweights off counterweights do not | power available.
rails. dislodge. |

HVAC Equipment Most units do not Units shift on Units are secure and Units are secure and
operate; many slide or | supports, rupturing most operate if power | operate; emergency
overturn; some attached ducting, and other required power and other
suspended units fall. piping, and conduit, utilities are available. utilities provided, if

but do not fall. required.

Ducts Ducts break loose of Minordamage at joints | Minor damage at Negligible damage.
equipment and of sections and joints, but ducts —
louvers; some attachment to remain serviceable.
supports fail; some equipment; some
ducts fall. supports damaged,

but ducts do not fall.
Piping Some lines rupture. Minor damage at Minor leaks develop Negligible damage.
Some supports fail. joints, with some at a few joints.
Some piping falls. leakage. Some |
| supports damaged,
but systems remain
suspended. | | |

Fire Sprinkier Systems { Many sprinkler heads | Some sprinkler heads | Minor leakage atafew | Negligible damage.
damaged by damaged by swaying heads or pipe joints. i -
collapsing ceilings. ceilings. Leaks System remains
Leaks develop at develop at some operable.
couplings. Some couplings.

| branch lines fail. | o
Fire Alarm Systems Ceiling mounted May not function. System is functional. System is functional.
— o - sensors damaged. |
System nonfunctional. . ,

Emergency Lighting | Some lights fall. Power | System is functional. System is functional. Sj;stem is functional.

| may not be available. | | —

Electrical Distribution Units slide and/or | Units shift on Units are secure and Units are functional.

Equipment overturn, rupturing supports and may not | generally operable. Emergency power is
attached conduit. operate. Generators Emergency provided, as needed.
Uninterruptable provided for generators start, but
Power Source emergency power may not be adequate
systems fail. Diesel start; utility service to service all power
generators do not lost. requirements.

— start. 1 . _,

Plumbing Some fixtures broken; | Some fixtures broken, | Fixtures and lines System is functional.
lines broken; mains lines broken; mains serviceable; however, | On-site water supply
disrupted at source. disrupted at source. utility service may not | provided, if required.

| | be available. | |




[image: image114.png]Table 2-6 Nonstructural Performance Levels and Damage—Architectural Components
| Nonstructural Performance Levels
Hazards Reduced Life Safety Immediate Operational

Component Level N-D N-C Occupancy N-B N-A

Cladding Severe damage to Severe distortion in Connections yield; Connections yield,
connections and connections. minor cracks (< 1/16" minor cracks (< 1/16"
cladding. Many Distributed cracking, width) or bending in width) or bending in
panels loosened. bending, crushing, cladding. cladding.

and spalling of
cladding elements.
Some fracturing of
cladding, but panels
do not fall.

Glazing  General shattered Extensive cracked Some cracked panes; | Some cracked panes,
glass and distorted glass; little broken none broken. none broken
frames. Widespread glass. |
falling hazards. | |

Partitions Severe racking and Distributed damage; Cracking to about Cracking to about
damage in many some severe 1/16" width at 1/16" width at
cases. cracking, crushing, openings. Minor openings. Minor

and racking in some crushing and cracking | crushing and cracking
areas. at corners. | at corners.

Ceilings Most ceilings Extensive damage. Minor damage. Some | Generally negligible
damaged. Light Dropped suspended | suspended ceilingtiles | damage. Isolated
suspended ceilings ceiling tiles. Moderate | disrupted. A few suspended panel
dropped. Severe cracking in hard panels dropped. dislocations, or cracks
cracking in hard ceilings. Minor cracking in hard { in hard ceilings.
ceilings. ceilings. f . o

Parapets and Extensive damage, Extensive damage; Minor damage. | Minor damage.

Ornamentation some fall in some falling in :
nonoccupied areas. nonoccupied areas. |

Canopies & Marquees | Extensive distortion. Moderate distortion. Minor damage. Minor damage.

Chimneys & Stacks Extensive damage.No | Extensive damage.No | Minor cracking. Negligible damage.
collapse. collapse. . —

Stairs & Fire Escapes | Extensive racking. Some racking and Minor damage. Negligible damage.
Loss of use. cracking of slabs, - |

| usable. |

Light Fixtures Extensive damage. Many broken light Minor damage. Some | Negligible damage.

Falling hazards occur. | fixtures. Falling pendant lights broken. -
hazards generally |
avoided in heavier -
fixtures (> 20 pounds). |

Doors Distributed damage. Distributed damage. Minor damage. Doors | Minor damage. Doors
Many racked and Some racked and operable. operable. 4
jammed doors. jammed doors. |
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The question then remains as to how to make use of the fragility data because the excitation parameter is most often a function of the structural framing system to which the non-structural component is attached.

3.3 Evaluation of Structural Components and Structural Framing Systems

The presentation on evaluation of structural components and structural framing systems will make use of materials and approaches set forth in FEMA 273/274 and FEMA 356.

The procedures of these three FEMA documents represent a paradigm shift in design practice in the United States and a step toward performance-based earthquake engineering. However, it must be noted that the procedures are somewhat incomplete and more work is required. For instance,

· Framing system response is based on component response

· Is a weighting system required?

· Process is deterministic

· Reliability is unknown

· Datasets are incomplete

· Analytical methods have not been proven by experimentation

Putting these shortcomings aside, consider the assumed performance and structural deformation demand levels assumed in the FEMA documents. For the two cases shown below, response is characterized by monotonic lateral (base) shear versus lateral (roof) displacement relationships.

First, for response of ductile structures:
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Consider next the assumed response of non-ductile structures:

[image: image118.wmf]
How accurate is this monotonic representation of the base shear versus roof displacement relationship? Consider base shear versus roof displacement data from monotonic (nonlinear static or pushover) and dynamic analysis of the three-story building frame shown below (from Uriz et al., 2002, SDTB). Results are shown for one of the four perimeter moment frames
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What can be inferred from this figure?

· Use the results of nonlinear static analysis with caution?

· How about differences in response between cyclic and monotonic loading?

· Differences shown above between IDA and NSP do not consider stiffness and strength degradation

Consider the two figures below that show the hysteresis loops for two identical reinforced steel moment resisting connections tested using (a) near-field [similar to monotonic], and (b) cyclic loading histories.
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	a. near-field history
	b. cyclic history


What conclusions can be drawn from a comparison of these two figures?

There are many shortcomings associated with the use of nonlinear static (or pushover) analysis but such analysis is a substantial improvement over the traditional force-based procedures. As such, the use of nonlinear static analysis for seismic evaluation of building framing systems is discussed in the following sub-sections.

3.4 Nonlinear Static Analysis of Building Framing Systems

3.4.1 Introduction

The presentation on nonlinear static analysis makes significant use of materials presented in FEMA 273/274 and 356. The reader is referred to these documents for significant information and it is assumed that all students are familiar with Chapters 1, 2, and 3 of FEMA 356.

The following five sections present summary material on the use of nonlinear static analysis of building frames for the purpose of seismic evaluation. Note that these are evaluation tools and not design tools.

3.4.2 Component Modeling

Primary and Secondary Components and Elements

FEMA 356 introduces the notion of primary and secondary components by observing that although most elements or components in a building frame will contribute to the stiffness, mass, and damping of the building, not all elements or components are critical to the ability of the structure to resist collapse when subjected to earthquake shaking. 

FEMA 356 uses the secondary (S) designation for components or elements that do not contribute significantly or reliably in resisting earthquake effects because of low lateral stiffness, strength, or deformation capacity. Substantial degradation of the lateral stiffness and strength of secondary elements and components is permissible but their ability to resist gravity loads under maximum deformations must be preserved. All components and elements not designated as secondary are designated primary.

Deformation- and Force-Controlled Actions
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FEMA 356 describes all actions (axial, flexural, shear) as either deformation-controlled or force-controlled. The force-deformation curves shown below are used to differentiate between these actions.

FEMA 356 offers the following definition for deformation- and force-controlled components. 

Type 1 behavior is characterized by an elastic range (0-1), a plastic range (1-2), non-negligible residual strength and an ability to support gravity loads at point 3. Primary component actions exhibiting this behavior shall be classified as deformation controlled only if 

· Strain-softening or strain-hardening range is such that 
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Type 2 behavior is characterized by an elastic range (0-1), a plastic range (1-2), and a loss of strength and ability to support gravity loads beyond point 2. Primary (and secondary) component actions exhibiting this behavior shall be classified as deformation controlled only if 

· Strain-softening or strain-hardening range is such that 
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Type 3 behavior is characterized by an elastic range (0-1), and a loss of strength and ability to support gravity loads beyond point 1. Primary (and secondary) component actions exhibiting this behavior shall be classified as force controlled.  
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The table below from FEMA 273 provides some examples of possible deformation- and force-controlled actions.

Expected and Lower Bound Strengths

In the above figures, 
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 represents the yield strength of a component. 

When evaluating the behavior of deformation-controlled actions, this strength should be taken as 

· Expected strength, 
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 (calculated assuming plastic section development)

When evaluating the behavior of force-controlled actions, this strength should be taken as

· Lower bound strength, 
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Assumed Force-Deformation Relationships

The figure to the right shows generalized force-displacement relationships used in FEMA 356, expressed in three different ways. 

Segment AB represents elastic response.

Segment BC represents the zone of strain hardening with a post-yield slope that ranges generally between 0 and 10% of the elastic slope.

Point C represents the maximum strength of the component and the deformation beyond which significant strength degradation occurs (line CD).

Beyond point D, the strength of the component is substantially lost through point E. 

Beyond point E, the component strength is assumed to be zero.

Values for a, b, c, d, and e that can be used for modeling components are given in Chapters 5 through 8 of FEMA 356. 

Acceptance criteria for deformation or deformation ratios for primary (P) and secondary (S) members are given in Chapters 5 through 8 of FEMA 356.

For steel structures, FEMA 356 adopts the generalized force-deformation relationship of part a. above.

Modeling Components in Steel Moment Frames

For evaluation of steel moment frames with fully restrained connections, the following components should be modeled

· Beams, columns, panel zones, and composite construction (if any)

· Fixity of foundation connections (pinned or fixed)

3.4.3 Analysis

Consider the sketch below that illustrates the pushover analysis procedure. Shown in the figure are a building structure and a lateral loading profile that appears to be pushing on the building frame. Also shown in the figure are a control node (denoted by CN) and the displacement of that control node (
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) along the line of the imposed lateral forces. The components of the building frame are modeled as nonlinear elements per the previous page.
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What lateral loading profiles should be used for nonlinear static (pushover) analysis? An infinite number are possible but the two most common are

· 
[image: image66.wmf]vx
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 profile that represents the first mode shape (and sometimes higher modes)

· Constant acceleration profile (produced by a soft first story)

Are either of these profiles accurate? Consider data from 1980s tests of a six-story steel frame on the simulator at UC Berkeley.

The lateral loads are uniformly incremented and the relationship between the base shear and control-node displacement (typically at the COM of the roof) is developed (the pushover or capacity curve). Analyses are performed under

· Displacement control

· Force control

Adaptive lateral loading patterns (to mirror changes in the deflected shape of the structure) have been proposed but these adaptive patterns appear to offer only incremental improvement in the characterization of response, if at all.


3.4.4 Displacement Estimates in Building Construction

For assessment or evaluation, the building displacement must first be estimated. In FEMA 273 and FEMA 356, this is achieved using the coefficient method that is outlined on this sheet and the following sheet. First, the target displacement of the control node (on the roof) is estimated as shown below.
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Target Displacement

The target displacement, §,, at each floor level shall be

calculated in accordance with Equation (3-15) and as
specified in Section 3.3.3.3.1.

where:

Co

T
8, = CyC,C,C38,~5¢ (3-15)
4T

= Modification factor to relate spectral

displacement of an equivalent SDOF system
to the roof displacement of the building
MDOF system calculated using one of the
following procedures:

* The first modal participation factor at the
level of the control node;

* The modal participation factor at the level
of the control node calculated using a
shape vector corresponding to the deflected
shape of the building at the target
displacement. This procedure shall be used
if the adaptive load pattern defined in
paragraph 2.2 of Section 3.3.3.2.3 is used;
or

* The appropriate value from Table 3-2.

= Modification factor to relate expected

maximum inelastic displacements to
displacements calculated for linear elastic
response:

1.0for T, > T
[1.0+(R-1)Tg/T,)/R for T, < T

¢,

g

but not greater than the values given in
Section 3.3.1.3 nor less than 1.0.

Effective fundamental period of the building
in the direction under consideration, sec.

Characteristic period of the response
spectrum, defined as the period associated
with the transition from the constant
acceleration segment of the spectrum to the
constant velocity segment of the spectrum per
Sections 1.6.1.5 and 1.6.2.1.

Ratio of elastic strength demand to calculated
yield strength coefficient calculated by
Equation (3-16).

Modification factor to represent the effect of
pinched hysteretic shape, stiffness degradation
and strength deterioration on maximum
displacement response. Values of C, for
different framing systems and Structural
Performance Levels shall be obtained from
Table 3-3. Alternatively, use of C, = 1.0 shall

be permitted for nonlinear procedures.
Modification factor to represent increased
displacements due to dynamic P-A effects. For
buildings with positive post-yield stiffness, C 3
shall be set equal to 1.0. For buildings with
negative post-yield stiffness, values of C;
shall be calculated using Equation (3-17) but

not to exceed the values set forth in
Section 3.3.1.3.

Response spectrum acceleration, at the
effective fundamental period and damping
ratio of the building in the direction under
consideration, g, as calculated in

Sections 1.6.1.5 and 1.6.2.1.

acceleration of gravity

The strength ratio R shall be calculated in accordance
with Equation (3-16):

(3-16)
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Alternatively, C,, taken as the effective model o = Ratio of post-yield stiffness to effective

mass calculated for the fundamental mode elastic stiffness, where the nonlinear force-
using an Eigenvalue analysis shall be displacement relation shall be characterized

permitted by a bilinear relation as shown in Figure 3-1

Coefficient C; shall be calculated in accordance with
Equation (3-17) if the relation between base shear force

Table 3-2 Values for Modification Factor C '

Shear Buildings® Other Bulldings
Triangular Load Pattern Uniform Load Pattemn
Number of Stores (1.1, 1.2, 1.3) @2.1) Any Load Pattern
1 ' 1.0 1.0 | 1.0
2 -1 1.2 1.16 12
3 1.2 1.2 1.3
5 13 - 1.2 14
10+ 1.3 1.2 , 1.5

1. Linear interpolation shall be used to calculate intermediate values.
2. Buildings in which, for all stories, interstory drift decreases with increasing height.

Table 3-3 Values for Modification Factor C,

T<0.1 second® T 2T second®
Framing Framin Framing Framin
Structural Performance Level Type 1! Type 2zg Type 11 Type
Immediate Occupancy 1.0 1.0 1.0 1.0
Life Safety 113 1.0 1.1 1.0
Collapse Prevention 1.5 1.0 1.2 1.0

1. Structures in which more than 30% of the story shear at any level is resisted by any combination of the following components, elements, or frames:
ordinary moment-resisting frames, concentrically-braced frames, frames with partially-restrained connections, tension-only braces, unreinforced masonry
walls, shear-critical, piers, and spandrels of reinforced concrete or masonry.

2. All frames not assigned to Framing Type 1.
3. Linear interpolation shall be used for intermediate values of 7.




[image: image130.wmf]Coefficient 
[image: image67.wmf]3

C

 is used to characterize dynamic P-delta effects. What are these effects and are they different from static P-delta effects? Consider the results of a building analysis shown below.
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How is the effective period 
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, calculated? Consider the two force-displacement relationships below that are reproduced from FEMA 356.
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	a. positive post-yield slope
	b. negative post-yield slope


Recognizing that the values of 
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 and 
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 are known from the pushover curve and that 
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 is known from the eigenvalue analysis, the effective period 
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 can be calculated as

· 
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3.4.5 Component Assessment

Assume that the lateral loads on the nonlinear building frame have been incremented until the displacement of the control node equals or exceeds the target displacement of Section 3.4.4. The resulting deformations in the frame may resemble those shown in the figure below, where the solid black dots identify plastic hinges.

At the stage of maximum displacement (
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), the values of the deformations and forces in all components are recorded and component checking can begin. 

For force-controlled actions, the checking is for forces only and the objective is to demonstrate that component force demands (say axial loads in columns) are less than component capacities.

For deformation-controlled actions, the checking is for deformations only and the objective is to demonstrate that component deformation demands (say beam plastic rotation) are less than component capacities for the performance level under consideration. The table below from FEMS 356 provides useful information on component deformation capacities (acceptance criteria) for different performance levels.

3.4.6 System Assessment

At this time, framing system assessment is tied to component assessment. Although this linkage is obviously inadequate, no better method is available and widely accepted at this time.

SECTION 4. CONVENTIONAL SEISMIC RETROFIT OF BUILDINGS

4.1 Introduction

Careful seismic evaluation is key to the successful retrofit of building construction. The steps in the evaluation process using the procedures of Section 3 are listed below. Much additional information is presented in FEMA 273/274 and 356.

1. Study of as-built drawings and in-situ testing of materials to determine existing conditions

2. Identification of performance objective(s), that is, performance levels and hazard levels

3. Development of a nonlinear mathematical model of the building frame

4. Nonlinear static analysis of the building frame to a displacement level corresponding to the chosen hazard.

5. Evaluation of all force and deformation demands in all components 

6. Checking of demands versus capacities, where capacities are determined from either first principles or the resource documents such as FEMA 356 for which capacities may be conservative. [Note that unlike the 2000 NEHRP Recommended Provisions, FEMA 356 does not include drift limits. Why?]

7. Assessment of system performance based on component checking of step 6.

Assume now that checking per step 6. has shown that force and deformation demands exceed the corresponding capacities and the decision has been made to retrofit the building under investigation. How can this be achieved?

· Reduction of displacements is key to reducing forces and deformations in vulnerable components

· Addition of stiff and strong components to the lateral-force-resisting system

· Must be done with care for the reasons cited below

The process is illustrated below for two common classes of seismic lateral-force-resisting system: the steel and reinforced concrete moment frame. For each framing system, common conventional retrofit methods are introduced. First, general procedures for evaluation of retrofit alternatives are presented.

Evaluation of Retrofit Alternatives

Equation (3-15) on page 42 is key to the evaluation endeavor. If displacements are to be reduced to protect vulnerable components, how can this be achieved?

· Reduce the period

· Increase stiffness

· Reduce mass

· Increase the damping

· Other?

For retrofit using conventional materials and methods, reducing the period by increasing the stiffness (and strength) is the preferred alternative.

To what degree should the displacements be reduced in the framing system to be retrofitted? The decision-making process is somewhat complex but can be distilled down into some basic steps. Note that the process is iterative and that every solution must in turn be evaluated for compliance with the performance goals. Options worthy of consideration include

1. Addition of a new lateral-force-resisting system with sufficient stiffness and strength to dominate the response of the retrofitted building to the point where all existing components in the building frame are adequately protected.

2. Stiffen and strengthen the existing lateral-force-resisting system to the point where all other existing components in the building frame are adequately protected.

3. Variation on option 1 whereby a new lateral system is added (perhaps with smaller strength and stiffness than for option 1) and existing components are retrofitted for increased deformation capacity (say using carbon-fiber jackets, etc).

4. Variation on option 2 whereby the existing lateral system is stiffened and strengthen (perhaps with smaller strength and stiffness than for option 2) and existing components are retrofitted for increased deformation capacity.

5. Combination of options 1 and 2.
6. Combination of options 3 and 4.
All of these options should be considered for a seismic retrofit with final decisions being driven by cost and timeliness. Experience will also play an important role and can speed the decision-making process. Some thoughts on these options follow.

Option 1: Addition of a Lateral Force Resisting System

For highly deficient (vulnerable) framing systems, this option may be the optimal solution. The positive attributes of this approach are

· Relatively simple mathematical model to analyze and evaluate

· No need to augment deformation capacity of existing components

The downsides to this approach include

· New load paths through the building frame

· New diaphragms may be required

· New foundations may be required that are difficult to construct in interior of an existing building

· Significant architectural impact

· Higher accelerations in the superstructure (see the cartoon below)










Option 2: Stiffen and Strengthen the Existing Lateral System

For buildings with historic fabric or architectural constraints that cannot be impacted by retrofit, this option may be the best. The positive attributes of this approach are

· No new load paths through the building frame

· New diaphragms may not be required

· No need to augment deformation capacity of existing components

The downsides to this approach include

· Difficult to strength and stiffen existing components without first weakening the existing condition

· Reliability of the composite behavior (new and existing) is unknown

· New foundations may be required

· Higher accelerations in the superstructure

Of the remaining four options listed on the previous page (and there are more than the 6 listed), option 3 is most popular, especially for reinforced concrete moment-frame structures. For example, beam, column, and joint force and deformation capacities can be improved by local strengthening (say using composites) and overall system displacement response can be controlled through the provision of new lateral-force resisting components such as reinforced concrete shear walls. [The use of composites for the purpose of retrofitting existing components is discussed in the last section in this module.]

4.2 Steel Moment-Frame Buildings

The vulnerabilities of steel moment-frame buildings were discussed in Section 2 of this module. Key deficiencies in special moment-frame construction included

How can these vulnerabilities be addressed?

· Locally at the component level? Options?

· Globally at the system level? Options?

What are the shortcomings of these local and global approaches?

4.3 Reinforced Concrete Moment-Frame Buildings

The vulnerabilities of older reinforced concrete moment-frame buildings are described in part in ATC 40 and FEMA 356. Key deficiencies include

· Configuration deficiencies (see the cartoon below from ATC 40)

· Incomplete load paths

· Vertical and horizontal irregularities

· Weak column-strong beam


· Detailing deficiencies (see the cartoon below from ATC 40)

· Poor anchorage and splices of longitudinal rebar in beams and columns

· Inappropriate locations of splices of longitudinal rebar   

· Inadequate shear reinforcement in beams and columns

· Inadequate reinforcement (ties) in beam-column joint regions


How can these vulnerabilities be addressed?

· Locally at the component level? Options?

· Globally at the system level? Options?

What are the shortcomings of these local and global approaches?

SECTION 5. COMPOSITE MATERIALS FOR SEISMIC RETROFIT

5.1 Introduction

The 1989 Loma Prieta earthquake wrought substantial damage to non-ductile reinforced concrete bridge columns and piers in Northern California. Immediately following that earthquake, researchers at UCSD (principally Professors Seible and Priestley) initiated a research program with funding from Caltrans to develop procedures to retrofit existing bridge columns (piers) for additional shear strength and flexural deformation capacity. Initial products from those studies included steel jackets. One example of an installed steel jacket is shown below to the right.

The steel jackets served the same purpose as closely spaced transverse reinforcement. Typically, two halves of a shell or jacket were brought to the jobsite and installed around the column. The vertical seams (joints between the two half shells) were then groove welded to form a complete circular (in some instances elliptical) shell. The space between the shell and the non-ductile column was then pressure grouted. A gap was left at the top and bottom of the column (below the bent cap and above the foundation) to avoid strengthening the column.

Although the deployment of steel jackets was most successful and widely used, such work was time consuming and expensive. Caltrans explored alternative approaches and materials in the early to mid 1990s. The most successful of these alternatives was glass or carbon fiber wrap. Although these composite materials were originally deployed to retrofit bridge columns, the materials are now widely used by earthquake engineers for bridge and building construction.

This short section serves to introduce the reader to common composite materials and manufacturers and methods of implementing composite materials in retrofit reinforced concrete construction. A guest speaker will discuss materials and methods of application in some detail.

5.2 Manufacturers and Materials

There are a number of manufacturers of composite materials for civil engineering applications. In the United States

· Tyfo Fibrwap System (marketed by R. J. Watson of Amherst NY and Fyfe Co. LLC of San Diego, CA: http://www.fyfeco.com/tyfosys.html)

· SikaWrap (marketed by Sika USA based in NJ: www.sikausa.com)

Many of the composite materials are composed of carbon, glass, or aramid fibers in a variety of orientations. Combinations of materials give rise to widely varying tensile strengths, stiffness and ultimate strains.

Composite materials tend to be brittle, that is, they do not exhibit plastic behavior. For design of composite materials for use in the construction industry 

· Strength design for elastic response

· Greater the tensile strength, the smaller the ultimate strain in many cases

· Consideration of maximum strain is key in design

· Ultimate strains in the range of 1% to 2%

· Strain at the onset of strain-hardening in conventional rebars

Numerous composite materials are available and the choice of material should be made in consultation with a supplier and consideration should be given to

· Environmental exposure

· Strain responses under overload conditions

· Ease of application

· Ease of repair in case of damage

5.3 Design Examples

Composites have been used to augment the strength and deformation capacity of reinforced concrete columns, beams, slabs, and walls. The handout materials from R.J. Watson Inc (Tyfo Fibrwap System) provide useful information on the use of composite materials to rectify vulnerabilities in reinforced concrete construction.
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Pushover curve for retrofitted building
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