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Promotes the development of seismic safety provisions suitable for use throughout the United States;
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FOREWORD



The Federal Emergency Management Agency (FEMA) is pleased to have sponsored the preparation of this publication on seismic strengthening of existing buildings. The publication is one of a series that FEMA is sponsoring to encourage local decision makers, design professionals, and other interested groups to undertake a program of mitigating the risks posed by existing hazardous buildings in the event of an earthquake. Publications in this series are being prepared under the National Earthquake Hazards Reduction Program (NEHRP) and examine both the engineering/architectural aspects and societal impacts of seismic rehabilitation. FEMA's existing buildings activities are structured to result in a coherent, cohesive, carefully selected and planned reinforcing set of documents designed for national applicability. The resulting publications (descriptive reports, handbooks, and supporting documentation) provide guidance primarily to local elected and appointed officials and design professionals on how to deal not only with earthquake engineering problems but also with the public policy issues and societal dislocations associated with major seismic events. It is a truly interdisciplinary set of documents that includes this handbook of techniques as Well as a companion volume presenting a methodology for conducting an evaluation of the seismic safety of existing buildings. With respect to this handbook, FEMA gratefully acknowledges the expertise and efforts of the Building Seismic Safety Council's Retrofit of Existing Buildings Committee, Board of Direction, member organizations, and staff and of the members of the Technical Advisory Panel and URS/John A. Blume and Associates management and staff. Federal Emergency Management Agency
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PREFACE



This handbook of techniques for solving a variety of seismic rehabilitation problems and its companion publication on the seismic evaluation of existing buildings reflect basic input provided by two organizations recognized for their retrofit evaluation and design experience as well as the results of a consensus development activity carried out by the Building Seismic Safety Council (BSSC). The preliminary version of this document, the NEHRP Handbook of Techniques for the Seismic Rehabilitation of Existing Buildings, was developed for FEMA by URS/John A. Blume and Associates, Engineers (URS/Blume). A companion volume, the NEHRP Handbook for the Seismic Evaluation of Existing Buildings, for which a preliminary version was developed for FEMA by the Applied Technology Council (ATC), provides a method for evaluating existing buildings to identify those that are likely to be seismically hazardous. The BSSC project, initiated at the request of FEMA in October 1988, has focused on identification and resolution of technical issues in and appropriate revision of the two handbooks by a 22-member Retrofit of Existing Buildings (REB) Committee composed of individuals possessing expertise in the various subjects needed to address seismic rehabilitation. The balloting of the two handbooks was conducted on a chapter-by-chapter basis in September and October 1991. Although all parts of both handbooks passed the ballot by the required two-thirds majority, the Board, after reviewing the ballot results in November 1991, concluded that many of the comments were sufficiently serious to warrant further consideration and that the REB Committee should have the opportunity to review the ballot comments and propose changes for reballoting in response to those considered persuasive. The REB Committee members then were asked to review the ballot comments and forward the results of their review to a member of the REB Executive Committee. In turn, the Executive Committee met in early January 1992 to consider committee member suggestions and prepare responses to the ballot comments and proposals for revision of the handbooks. The Executive Committee recommendations for reballoting were presented to and accepted by the BSSC Board. The reballot proposals were developed and submitted to the BSSC member organizations for balloting in late January 1992. All the reballot proposals passed but several issues raised in comments were considered and resolved at a special meeting of the Council in February 1992. The BSSC REB Committee and Board of Direction believe that these two handbooks will prove to be beneficial to those who are involved in or who need to begin exploring the seismic evaluation and rehabilitation of existing buildings, a topic of growing importance especially in the eastern and midwestern parts of the nation where little such work has been done. It is hoped that experience with the application of these handbooks will generate feedback that can serve as the foundation for the enhancement of future documents dealing with the seismic rehabilitation of existing buildings. To this end, a User Comment Form is included in the handbooks to stimulate those who work with the handbooks to report their experiences. In addition, since some of the issues raised by BSSC member organizations during the balloting of the handbooks bear on the need for future enhancement of the information presented, a summary of the results of the BSSC balloting including all comments received and committee decisions/responses to those comments is available to interested readers upon request to the BSSC. The Board wishes to emphasize that these documents are intended to serve as informational "points of departure" for the professional involved in seismic evaluation and rehabilitation. They cannot yet be considered all inclusive nor are they intended to serve as the basis for regulation. Rather, it is hoped that both will prove to be of sufficient value to warrant expansion and refinement. Considerable effort has gone into the development of this handbook. On behalf of the BSSC Board, I wish to acknowledge the organizations and individuals who have participated. The Board is particularly grateful for the extensive contribution of time and expertise from those serving on its Retrofit of Existing Buildings Committee of volunteer experts: Daniel Shapiro, SOH and Associates, San Francisco, California (Committee Chairman) M. Agbabian, University of Southern California, Los Angeles, California Christopher Arnold, Building Systems Development, San Mateo, California Mohammad Ayub, U.S. Departmene of Labor, Washington, D.C. John R. Battles, Southern Building Code Congress, International, Birmingham, Alabama v



Pamalee Brady, U.S. Army Construction Engineering, Champaign, Illinois Vincent R. Bush, Consulting Structural Engineer, Walnut, California John Canestro, City of Orinda, Pleasanton, California Arnaldo T. Derecho, Wiss, Janney, Elstner Associates, Incorporated, Northbrook, Illinois Edward Diekmann, GFDS Structural Engineers, San Francisco, California Ronald P. Gallagher, R. P. Gallagher Associates, Incorporated, San Francisco, California James R. Harris, J. R. Harris and Company, Denver, Colorado John Kariotis, Kariotis and Associates, South Pasadena, California Franklin Lew, Contra Costa County, Martinez, California Frank E. McClure, Consulting Structural Engineer, Orinda, California Allan R. Porush, Dames and Moore, Los Angeles, California Norton S. Remmer, Consulting Engineer, Worcester, Massachusetts Ralph Rowland, Architectural Research, Cheshire, Connecticut Earl Schwartz, Los Angeles City Department of Building and Safety, Los Angeles, California William W. Stewart, William Stewart and Associates, Clayton, Missouri Robert Voelz, Bentley Engineering Company, San Francisco, California Loring A. Wyllie, H. J. Degenkolb Associates, San Francisco, California Needless to say, the Council's project would not have been successful without the developmental work and cooperation of the URS/Blume project staff: R. Martin Czarnecki, Principal-in-Charge; John F. Silva, Project Manager; David M. Bergman, Project Engineer; Joseph P. Nicoletti, Consultant; Walter N. Mestrovich; and Kit Wong. Further, the BSSC Board wishes to acknowledge the contribution of URS/Blume's Technical Advisory Panel: Vitelmo V. Bertero, Robert D. Hanson, James 0 Jirsa, James M. Kelley, Stephen A. Mahin, Roger E. Scholl, and James K. Wight. Finally, I would be remiss if I did not acknowledge the effort of the BSSC staff: James R. Smith, Executive Director; 0. Allen Israelsen, Professional Engineer and Project Manager; Claret M. Heider, Technical WriterEditor; and Karen E, Smith, Administrative Assistant. Gerald Jones Chairman, BSSC Board of Direction
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USER COMMENT FORM Please fill out and return this form to the BSSC at 1201 L Street, N.W., Your cooperation is greatly appreciated. 1.
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Hor, Washington, D.C. 20005.



Describe your experience in using this handbook.



What type of building was evaluated and proposed for rehabilitation?



How was the evaluation performed? Was the NEHRP Handbook for the Seismic Evaluation of Existing Buildings used?



Which techniques in this handbook were considered? rehabilitation completed?



Were problems encountered in using this handbook? solved.



2.



What technique was selected?



If so, describe the problems and how they were



Prior to your use of this handbook, were you familiar with the NEHRP Recommended Provisions for the



Developmentof Seismic Regulationsfor New Buildings. 3.



Was the



Do you have recommendations for improving this handbook.
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GLOSSARY



BOUNDARY ELEMENT: diaphragm.



An element at the edge of an opening or at the perimeter of a shear wall or



BRACED FRAME: An essentially vertical truss, or its equivalent, of the concentric or eccentric type that is provided in a building frame or dual system to resist lateral forces. CHEVRON BRACING: Bracing where a pair of braces, located either both above or both below a beam, terminates at a single point within the clear beam span. CHORD: See DIAPHRAGM CHORD. COLLECTOR: A member or element provided to transfer lateral forces from a portion of a structure to vertical elements of the lateral-force-resisting system (also called a drag strut). CONCENTRICALLY BRACED FRAME (CBF): A braced frame in which the members are subjected primarily to axial forces. CONTINUITY TIES: Structural members and connections that provide a load path between diaphragm chords to distribute out-of-plane wall loads. COUPLING BEAM: A structural element connecting adjacent shear walls. DAMPING: The internal energy absorption characteristic of a structural system that acts to attenuate induced free vibration. DEMAND: The prescribed design forces required to be resisted by a structural element, subsystem, or system. DIAPHRAGM: A horizontal, or nearly horizontal, system designed to transmit lateral forces to the vertical elements of the lateral-force-resisting system. The term "diaphragm" includes horizontal bracing systems. DIAPHRAGM CHORD: The boundary element of a diaphragm or shear wall that is assumed to take axial tension or compression. DIAPHRAGM STRUT: The element of a diaphragm parallel to the applied load that collects and transfers diaphragm shear to vertical-resisting elements or distributes loads within the diaphragm. Such members may take axial tension or compression. Also refers to drag strut, tie, collector. DRAG STRUT: See COLLECTOR. DRIFT: See STORY DRIFT. DUCTILITY: The ability of a structure or element to dissipate energy inelastically when displaced beyond its elastic limit without a significant loss in load carrying capacity. ECCENTRICALLY BRACED FRAME (EBF): A diagonal braced frame in which at least one end of each brace frames into a beam a short distance from a beam-column joint or from another diagonal brace. FUNDAMENTAL PERIOD OF VIBRATION: The time it takes the predominant mode of a structure to move back and forth when vibrating freely. xv



HOLD-DOWN: A prefabricated steel element consisting of a tension rod, end brackets and bolts or lags used to transfer tension across wood connections. HORIZONTAL BRACING SYSTEM: A horizontal truss system that serves the same function as a diaphragm. K-BRACING: Bracing where a pair of braces located on one side of a column terminates at a single point within the clear column height. LATERAL-FORCE-RESISTING SYSTEM: That part of the structural system assigned to resist lateral forces. LINK BEAM: That part or segment of a beam in an eccentrically braced frame that is designed to yield in shear and/or bending so that buckling or tension failure of the diagonal brace is prevented. MOMENT RESISTING SPACE FRAME: providing support for vertical loads.



A structural system with an essentially complete space frame



REDUNDANCY: A measure of the number of alternate load paths that exist for primary structural elements and/or connections such that if one element or connection fails, the capacity of alternate elements or connections are available to satisfactorily resist the demand loads. RE-ENTRANT CORNER: A corner on the exterior of a building that is directed inward such as the inside corner of an L-shaped building. SHEAR WALL: A wall, bearing or nonbearing, designed to resist lateral forces acting in the plane of the wall. SHOTCRETE: Concrete that is pneumatically placed on vertical or near vertical surfaces typically with a minimum use of forms. SOFT STORY: A story in which the lateral stiffness is less than 70 percent of the stiffness of the story above. SOIL-STRUCTURE RESONANCE: The coincidence of the natural period of a structure with a dominant frequency in the ground motion. STORY DRIFT: The displacement of one level relative to the level above or below. STRUCTURE: An assemblage of framing members designed to support gravity loads and resist lateral forces. Structures may be categorized as building structures or nonbuilding structures. SUBSYSTEMS: One of the following three principle lateral-force-resisting systems in a building: verticalresisting elements, diaphragms, and foundations. SUPPLEMENTAL ELEMENT: A new member added to an existing lateral-force-resisting subsystem that shares in resisting lateral loads with existing members of that subsystem. V-BRACING: Chevron bracing that intersects a beam from above. Inverted V-bracing is that form of chevron bracing that intersects a beam from below. VERTICAL-RESISTING ELEMENTS: That part of the structural system located in a vertical or near vertical plane that resists lateral loads (typically a moment frame, shear wall, or braced frame). WEAK STORY: A story in which the lateral strength is less than 80 percent of that in the story above. X-BRACING: Bracing where a pair of diagonal braces crosses near mid-length of the bracing members.



xvi
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INTRODUCMION



The risks posed by buildings not designed for earthquake loads or by nonengineered buildings have been recognized for nearly a century. Advances in earthquake-related science and technology during the past few decades have led to a realization that earthquakes and the resulting risk to life are a national problem. Indeed, damaging earthquakes in the eastern United States, although occurring less frequently than in California, may pose an equal, if not greater, threat to the national economy and social fabric. The benefits of applying earthquake-resistant design to reduce the hazards of new buildings were acknowledged in California following the 1906 San Francisco earthquake but appropriate design practices were not implemented to any degree until after the disastrous 1933 earthquake in Long Beach, California. Today, earthquake-resistant design in new construction is accepted practice in California but has been only recently achieved a significant degree of acceptance in other parts of the United States. Thus, a very large number of existing buildings in the country can be presumed to have inadequate earthquake resistance and to pose a serious risk. Detailed post-earthquake investigations of building failures have provided engineers with considerable information concerning the details of building design and construction that enhance earthquake resistance. The 1971 earthquake in San Fernando, California, was particularly revealing in this regard and engendered a new wave of concern for seismic rehabilitation of existing buildings. Notable among the earthquake rehabilitation projects begun in the 1970s was the systematic seismic vulnerability evaluation, and strengthening as needed, of all Veterans Administration (VA) hospitals in the United States. Concurrently, other federal agencies such as the Department of Defense (DOD) and the General Services Administration (GSA) initiated programs to identify and mitigate seismic hazards in public buildings under their authority. These and similar projects have generated a substantial body of knowledge regarding earthquake rehabilitation of buildings. The Loma Prieta earthquake seems to have added impetus to seismic rehabilitation in the private sector. (Note that the greatest experience in seismic rehabilitation has been gained in high seismic zones; see Sec. 3.0.4 for guidance concerning the application of seismic rehabilitation techniques in areas of lower seismicity.)



1.1 BACKGROUND One of the objectives of the Earthquake Hazards Reduction Act of 1977 (P.L. 95-124 as amended) is . . . the development of methods for . . . rehabilitation and utilization of man-made works so as to effectively resist the hazards imposed by earthquakes... ." The National Earthquake Hazards Reduction Program submitted to the Congress by the President on June 22, 1978, stresses that absent a reliable capability to predict earthquakes, "it is important that hazards be reduced from those (substandard) structures presenting the greatest risks in terms of occupancy and potential secondary impact." In Fiscal Year 1984, FEMA started an extensive program to encourage the reduction of seismic hazards posed by existing buildings throughout the country. The first project in the program was the formulation of a comprehensive 5-year plan on what needed to be done and what the required resources would be. The plan was completed in Fiscal Year 1985. As resources have become available since that time, FEMA has used this plan as a basis for developing a multi-volume, self-reinforcing, cohesive, coherent set of nationally applicable publications on engineering measures and societal problems related to the seismic rehabilitation of existing buildings. These publications include reports presenting a method for rapid visual screening of buildings, an engineering methodology for a seismic safety evaluation of different types of buildings that is a companion to this document, seismic strengthening techniques for various types of buildings (this handbook), typical costs of seismic rehabilitation of existing buildings, an approach to establishing programs and priorities for seismic rehabilitation of existing buildings, potential financial incentives for establishing such programs and instructions
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on the conduct of workshops to encourage local initiatives in this field and conclusions from a number of applications workshops held in various states, and a model to derive direct economic costs and benefits to owners and occupants of buildings in the private sector. Further, the preparation of a comprehensive set of guidelines for seismic rehabilitation (with commentary) has been initiated.



1.2 DEVELOPMENT OF THIS HANDBOOK Recognizing that a large number of techniques currently are being utilized to mitigate seismic hazards in existing vulnerable buildings, the FEMA contracted with URS/John A. Blume and Associates, Engineers, (referred to herein as URS/Blume) in 1987 to identify and describe generally accepted rehabilitation techniques. This URS/Blume effort resulted in the preliminary version of this handbook published by FEMA in March 1989. It was based primarily on a review of existing literature and input from a panel of project consultants. The primary source documents and sources reviewed included The Abstract Joumal of Earthquake Engineering, the Earthquake Engineering Research Center Library at the University of California at Berkeley, the proceedings of the World, U.S. National, and European Conferences on Earthquake Engineering, the U.S./Japan Seminars on Repair and Retrofit of Structures, the Dialogue Compendex, and the National Technical Information Service (NTIS). The Building Seismic Safety Council (BSSC) project, initiated at the request of FEMA in October 1988, was structured to focus on identification and resolution of technical issues in the preliminary version of the handbook (as well as in a companion publication presenting a methodology for conducting an evaluation of the seismic safety of existing buildings) and appropriate revision by a 22-member Retrofit of Existing Buildings (REB) Committee composed of individuals possessing expertise in the various subjects needed to address seismic rehabilitation. Conduct of the BSSC project is discussed in the Preface (see page v).



1.3 PURPOSE OF THIS HANDBOOK There is a variety of approaches to seismic rehabilitation, each with specific merits and limitations. The rehabilitation technique most appropriate for use with a particular building will depend on the unique characteristics of the building. Thus, this handbook is to provide those interested or involved in seismic rehabilitation with: c



A general understanding of the common deficiencies in the structural and nonstructural components of existing buildings that cause seismic performance problems,



*



Descriptions of some of the techniques that might be used to correct deficiencies for various construction types, and



*



Information on the relative merits of alternative techniques.



In short, this handbook is intended to stimulate understanding such that, when assessing the rehabilitation alternatives available, building owners and design professionals can make an informed decision concerning the best solution for a specific building, location, and occupancy. This handbook is designed to be compatible with the NEHRP Handbook for the Seismic Evaluation of Existing Building (referred to herein as the NEHRP Evaluation Handbook), which provides a standard methodology for evaluating buildings of different types and occupancies in areas of different seismicity throughout the United States. Seismic deficiencies of buildings identified using the NEHRP Evaluation Handbook methodology can be further analyzed to determine the seismic resistance. The deficiencies identified then can be mitigated using accepted rehabilitation techniques described in this handbook or other sources of rehabilitation information.
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1.4 SCOPE AND LIMITATIONS The rehabilitation techniques identified and described in this handbook are intended to be consistent with the requirements for new construction prescribed in the 1988 Edition of the NEHRP Recommended Provisions for the Development of Seismic Regulations for New Buildings (FEMA Publications 95, 96, and maps). The intent of the rehabilitation is to provide life safety but not necessarily to upgrade the structure to meet modern standards of life safety and property protection. Given the great number of potential seismic strength problems and, solutions, it is not now possible to prepare a compendium of all available techniques for all existing building types in all areas of the nation at risk from earthquakes. In recognition of the broad variation in the details of design and construction used over the years, the design professional will need to consider a wide array of possible techniques for rehabilitation, and this handbook is intended to serve as an informational "point of departure." This handbook is organized to permit a component-by-component consideration of deficiencies and rehabilitation techniques. The reader, however, is cautioned against selecting specific rehabilitation techniques without first identifying the overall deficiencies of the building and determining whether deficiencies are due to a combination of component deficiencies, inherent adverse design and construction features, or a weak link. Furthermore, a building's design and construction characteristics as well as the condition of materials of its construction 'affect seismic performance. Therefore, in order to make an informed decision concerning appropriate cost-effective techniques for seismic strengthening of an existing building, the engineer must understand the structural system or combination of systems that resist the lateral loads; the advantages and disadvantages associated with the physical attributes of the systems; and any constraints on the optimum performance of the system due to adverse design or construction features or deteriorated materials. It is hoped that experience with the application of this handbook and its companion document will generate feedback that can serve as the foundation for the enhancement of future documents dealing with seismic rehabilitation.



1.5 ORGANIZATION OF THIS HANDBOOK Chapter 2 describes the physical attributes that affect the seismic performance of all structures. The general characteristics of all structural materials and- systems (i.e., strength, stiffness, ductility, and damping) are addressed as are design and construction features that may impair a building's seismic performance. Techniques for strengthening vertical elements, diaphragms, foundations, and connections are addressed in Chapter 3. Techniques for decreasing the demand on existing structures are addressed in Chapter 4. Chapters 5 and 6 present techniques to mitigate damage to nonstructural architectural and mechanical and electrical components, respectively. Appendices include a listing of the seismic-force-resisting elements commonly found in 15 common building types, a matrix summary of rehabilitation techniques, and examples of rehabilitation. As indicated above, this handbook is structured to be used with the NEHRP Evaluation Handbook. Both of these handbooks are organized to address the following building systems and components: vertical elements resisting horizontal loads (i.e., moment-resisting frames, shear walls, and braced frames); horizontal elements resisting lateral loads (i.e., diaphragms); foundations; and connections between subsystems. Table 1.5 shows the relationship between the handbooks.



The American Iron and Steel Institute has written a minority opinion concerning this statement; see page 193. 3



TABLE 1i5



Correlation of Contents Between the Evaluation and Techniques Handbooks NEHRP Handbook of Techniquesfor the SeismicRehabilitation of ExistingBuildings



NEHRP Handbookfor the SeismicEvaluation of Ewisng Buildngs



Chapter 2, Seismic Vulnerability of Buildings Section 3.9, Adding a New Supplemental System Chapter 4, Decreasing Demand on Existing System



Chapter 3, Building Systems



Section 3.1, Moment Resisting Systems



Chapter 4, Moment Resisting Systems



Section 3.2, Shear Walls



Chapter 5, Shear Walls



Section 3.3, Braced Frames



Chapter 6, Braced Frames



Section 3.5, Diaphragms



Chapter 7, Diaphragms



Section 3.7, Diaphragm to Vertical Element Connections Section 3.8, Vertical Element to Foundation Connections



Chapter 8, Connections.



Section 3.6, Foundations



Chapter 9, Foundations and Geologic Site Hazards



Chapter 5, Rehabilitation of Nonstructural Architectural Components Chapter 6, Rehabilitation of Nonstructural Mechanical and Electrical Components



Chapter 10, Elements Not a Part of the Lateral-Force-Resisting System
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SEISMIC VULNERABILITY OF BUILDINGS



2.0 INTRODUCTION This chapter describes the general characteristics of all structural materials and systems (i.e., strength, stiffness, ductility, and damping) and the design and construction features that may adversely affect the seismic performance of a structure. Since an informed decision regarding the most cost-effective techniques for rehabilitating an existing structure to resist seismic forces requires an understanding of the structural system or combination of systems that resist the lateral loads, the advantages or disadvantages associated with the physical attributes of the systems and the constraints on system performance due to adverse design or construction features, the emphasis here is on the complete structural system. Chapter 3 focuses on techniques to strengthen the three principal lateral-force-resisting subsystems (vertical-resisting elements, diaphragms, and foundations) and the connections between these subsystems. Chapter 4 identifies methods to rehabilitate structures by reducing demand.



2.1 GENERAL AYIRIBUTES OF STRUCTURES Strength, stiffness, ductility, and damping govern the dynamic response of a structure to ground motion. An ideal structure would rate highly with respect to all of these attributes; however, this is seldom the case even in new construction and may be impossible to achieve when strengthening an existing structure. Fortunately, these attributes are interrelated, and it is usually possible to compensate for a deficiency in one by enhancing one or more of the others (e.g., additional strength and stiffness may compensate for low ductility and damping, a subject discussed in Chapter 4).



2.1.1 STRENGTH



The most obvious, although not necessarily the most important, consideration in seismic rehabilitation is strength. A seismically weak structure can be rehabilitated by strengthening existing members or by adding new members that increase the overall strength of the structure. Many of the rehabilitation techniques presented in this handbook are aimed at increasing strength, and informed identification of the building elements that should be strengthened can lead to significant cost savings in an upgrading scheme.



2.1.2 STIFFNESS



As indicated by the base shear formula in the 1988 NEHRP Recommended Provisions, structural stiffening that reduces the fundamental period of the building may result in higher seismic forces to be resisted by the building. Nonetheless, additional stiffening generally will reduce the potential for seismic damage. Drift limitations specified by most building codes are intended to provide for minimum structural stiffness. Transfer of loads among the elements of a structure depends on the relative stiffness of those elements. To select the most appropriate technique for seismically rehabilitating a structure, it is important to evaluate the stiffness of both the existing elements and those to be added to ensure that the seismic load path is not altered in a way that creates new problems. To contribute effectively, an added element must be stiff enough relative to the existing lateral-force-resisting elements to attract sufficient load away from the existing system. The location of an added member and, therefore, the added stiffness it contributes also is important. The engineer
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should attempt to locate new elements in such a way as to minimize eccentricities in the building and limit torsional responses.



2.1.3 DUCTILITY The ductility of a structure or element (i.e., the ability of the structure or element to dissipate energy inelastically when displaced beyond its elastic limit without a significant loss in load carrying capacity) is an extremely important consideration in seismic rehabilitation. The structural properties of some materials have a post-elastic behavior that fits the classic definition of ductility (i.e., they have a near-plastic yield zone and this behavior is reasonably maintained under cyclic loading). Other materials such as reinforced concrete and masonry, nailed wood systems, braced frames, and floor diaphragms have stiffness degradation and may even exhibit a pinched load-displacement relationship when subjected to cyclic loading. The hysteretic damping of these materials may not increase as is common for the elastic-plastic behavior but the stiffness degradation has a beneficial influence similar to an increase in damping in that the base shear of the system is reduced. However, the interstory and total relative displacement of the stiffness degrading structure or element is significantly increased. Control of relative displacement of this class of structure or element is of prime importance.



2.1A DAMPING During an earthquake, a structure will amplify the base ground motion. The ground motion at the base includes the amplification caused by soil profile type through the inclusion of a soil profile coefficient in the base shear formula. The degree of structural amplification of the ground motion at the base of the building is limited by structural damping or the ability of the structural system to dissipate the energy of the earthquake groundshaking. The differences in the response modification coefficient (R) and the deflection amplification factor (Cd) of Table 3-2 of the 1988 NEHRP Recommended Provisions are partially due to an estimation of probable structural damping of greater than 5 percent of critical.



2.2 ADVERSE DESIGN AND CONSTRUCTION FEATURES A number of design and construction features have an adverse impact on structural response by precluding the effective development of the capacity of the various structural components.



2.2.1 LACK OF DIRECT LOAD PATH An adequate load path is the most essential requirement for seismic resistance in a building. There must be a lateral-force-resisting system that forms a direct load path between the foundation, the vertical elements, and all diaphragm levels and that ties all portions of the building together. The load path must be complete and sufficiently strong. The general path is as follows: *



o



Earthquake inertia forces, which originate in all elements of a building, are delivered through structural connections to horizontal diaphragms; The diaphragms distribute these forces to vertical components of the lateral-force-resisting system such as shear walls and frames;



*



The vertical elements transfer the forces into the foundation; and



.



The foundation transfers the forces into the ground.
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The load path therefore consists of elements within and between the following subsystems: vertical-resisting elements, diaphragms, and foundations.



2.2.2 IRREGULARITIES Most building codes prescribe seismic design forces that are only a fraction of the forces that would be imposed on a linearly elastic structure by a severe earthquake. These codes therefore imply that the inelastic response of the designed structures is required to fulfill the primary performance objective (i.e., preserve life safety by precluding structural collapse). The equivalent static lateral loads and design coefficients prescribed by the codes are necessarily imperfect approximations of the nonlinear dynamic response of code-designed regular structures. Vertical and plan irregularities can result in loads and deformations significantly different from those assumed by the equivalent static procedures. It is most important for the engineer to understand that severe irregularities can create uncertainties in the ability of the structure to meet the stated performance objectives. Irregular conditions exist, to some degree, in most buildings. Minor irregularities have little or no detrimental XffccLoa structural response. Guidelines for the evaluation of the significance of the vertical and horizontal or plan irregularities are provided in the NEHRP Evaluation Handbook). If a significant irregular condition cannot be avoided or eliminated by design changes, the designer should both comply with any special provisions prescribed by the code and consider the ability of the structure to avoid collapse when subjected to relative displacements that may be several times greater than the anticipated nonlinear displacements.



2.2.2.1 Vertical Irregularities The vertical irregularities that may adversely affect a building's seismic resistance are discussed briefly below. Stiffness irregularity results when one or more stories are significantly softer (i.e., will be subject to larger deformations) than the stories directly above. Weight or mass irregularity occurs when the effective mass (i.e., weight divided by the acceleration due to gravity) of any story is substantially greater than the effective mass of an adjacent story. Verticalgeometric irregularityresults from building setbacks or elevational discontinuities (i.e., when the upper portions of a building are reduced in plan area with respect to the lower portions). Vertical discontinuity in capacity occurs when the story strength in a story is significantly less than that in the story above. The story strength is defined as the total strength of all the seismic-resisting elements sharing the story shear for the direction under consideration. Vertical discontinuity in load path is a condition where the elements resisting lateral forces (i.e., moment frames, shear walls, or braced frames) are not continuous from one floor to the next. Figure 2.2.2.1 shows two common examples. The upper sketch shows an "out-of-plane" vertical discontinuity that causes the vertical load path to be discontinuous. In the upper sketch, the shear walls of the second and third stories are exterior shear walls while the shear walls in the first floor are interior walls. The seismic forces from the top two stories must be transferred through the second floor diaphragm and then into the first floor shear wall. The discontinuity results in very high forces on the diaphragm. The lower sketch in Figure 2.2.2.1 is an example of an in-plane discontinuity with a potential for overturning forces in excess of the capacity of the column. The usual deficiency in the diaphragm is inadequate shear capacity. Unlike typical floor diaphragms that need only transfer tributary seismic floor shears, the diaphragm at the base of a discontinuous shear wall must transfer the cumulative seismic shears in the shear wall from all of the levels above the discontinuity. A typical cause of distress in concrete columns at the ends of discontinuous shear walls is inadequate capacity to resist the overturning loads from the discontinuous wall above. For many years, seismic provisions in building codes have prescribed factored design loads for shear walls that were in excess of those required for columns. Thus, in a severe earthquake, the discontinuous shear wall was capable of generating overturning forces in excess of the capacity of the supporting columns. During the 1979 Imperial County Earthquake in California, the 6-story County Services Building was irreparably damaged when a number of the first story columns under discontinuous shear walls collapsed due to excessive overturning forces. As a result of that earthquake, current code provisions discourage vertical discontinuities and require special strengthening of columns if the discontinuities cannot be avoided.
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2.2.2.2 Rehabilitation Techniques for Vertical Irregularities The obvious remedial technique for any irregularity is to modify the existing structural elements or add new structural elements to eliminate or significantly reduce the irregularity. The engineer must take special care to avoid creating greater or new problems in the existing elements. For example, if vertical bracing is used to increase the strength of a weak story, it is important to determine the effect that this modification will have on the story stiffness (i.e., whether it will out-of-plane discontinuity shear walls



create a soft story condition in the stories below), whether it will create significant torsional eccentricity (see Sec. 2.2.2.3), and/or whether the load path in the diaphragms above and below will be adequate for the revised distribution and transfer of the shear forces. If a new shear



wall is added



in a shear



wall



building to increase story strength or stiffness, the same concerns must be investigated. Extending the new shear wall to the foundation level is one way to avoid the vertical discontinuity. Vertical supports below the wall also should be investigated to determine their capacity to resist realistic overturning forces. It may not be feasible to eliminate or reduce some weight or mass irregularities (e.g., a heavy boiler extending in-plane through several stories of an industrial discontinuity building) or elevational irregularities FIGURE 2.22.1 Vertical irregularities--examples of in-plane and (e.g., building setbacks). If the irregularity cannot be eliminated or sigout-of-plane discontinuities. nificantly reduced, a dynamic analysis that will better represent the structural response may be required to identify the appropriate location for needed strengthening and its extent. A common technique for improving the seismic performance of structures with vertical discontinuities in load path is to strengthen the columns below the discontinuity (with methods such as those discussed in Chapter 3) so that they can resist the vertical forces that can be imposed by overturning moments of the above walls. The diaphragm spanning between the discontinuous vertical-resisting elements also may require strengthening. Alternatively, the discontinuity can be eliminated of new vertical-resisting elements are built directly below the existing vertical-resisting elements; however, the effect the new members will have on the functional space of the building must be evaluated.



2.2.23 Horizontal or Plan Irregularities Plan structural irregularities in buildings that may adversely affect a building's seismic resistance are discussed briefly below.
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Torsional irregularity occurs in buildings with rigid diaphragms when the center of mass in any story is eccentric with respect to the center of rigidity of the vertical lateral-load-resisting elements. Nominal eccentricity, or torsion, is common in most buildings and many building codes require that an accidental eccentricity (usually prescribed as 5 percent of the maximum plan dimension) be added to the actual computed eccentricity to determine the torsional forces. An exception occurs when a floor or roof diaphragm is relatively flexible with respect to the vertical lateral-load-resisting elements (e.g., a nailed wood diaphragm in a building with concrete or masonry shear walls). In this case, the vertical elements are assumed to resist only tributary seismic loads. Note that by making this assumption the effects of torsion may be neglected. In some cases (e.g., steel floor or roof decking in a building with steel moment frames), the relative rigidity of the diaphragm may be difficult to assess and the designer may elect to distribute the seismic loads on the basis of a rigid diaphragm and by tributary area and then to use the more conservative results from the two methods. Re-entrant corners in the plan configuration of an existing structure (and its lateral-force-resisting system) create excessive shear stresses at the corner. Diaphragm discontinuity occurs when a diaphragm has abrupt discontinuities or variations in stiffness. A common diaphragm discontinuity is split level floors. Unless proper members exist either to transfer the diaphragm forces between the split levels or to independently transfer the forces via vertical members to the foundation, damage is likely to occur at the interface. This condition also exists when diaphragms have large cutout or open areas or substantial changes in effective diaphragm stiffness from one story to the next. Nonparallel systems is the condition that occurs when the vertical lateral-force-resisting elements are not parallel to or symmetric about the major orthogonal axes of the lateral-force-resisting system.



2.2.2.4 Rehabilitation Techniques for Horizontal Irregularities The seismic rehabilitation of a structure with a large eccentricity, due either to the distribution of the verticalresisting elements or the distribution of the mass in the building, is best accomplished by reducing the eccentricity. Locating stiff resisting elements that reduce the eccentricity (Figure 2.2.2.4a) reduces the forces and stresses due to torsion and increases the lateral-force-resisting capacity of the entire structure. The seismic deformations of the entire structure also are significantly reduced by strategically locating the new walls to minimize torsion. The most direct rehabilitation technique for excessive shear stresses at a re-entrant corner is to provide drag struts to distribute the local concentrated forces into the diaphragm (Figure 2.2.2.4b). Other alternatives include strengthening the diaphragm with overlays and reducing the loads on the diaphragm by providing additional vertical-resisting elements. Diaphragm discontinuities due to abrupt changes in stiffness can be improved by developing a gradual transition through selective stiffening of the diaphragm segments adjacent to the stiff elements. Stress concentrations in the diaphragm at the corners of large openings can be reduced by providing collector members or drag struts to distribute the forces into the diaphragm. Improving deficient conditions caused by diaphragm discontinuities (such as may be present in split level framing) can be accomplished by providing an adequate load path for the lateral forces. Figure 2.2.2.4c illustrates strengthening techniques for a split level floor diaphragm in typical residential construction. The figure shows two existing diaphragms at an interior cripple stud wall. The deficiency is the lack of a direct force path for diaphragm shears normal to the plane of the figure. The new construction provides vertical sheathing, blocking, and appropriate nailing to transfer the shears from both diaphragms to the foundation. For additional information and connection details for addressing split level conditions in wood frame construction see The Home Builder's Guide for Earthquake Design by (Shapiro, Okino, Hom and Associates, 1980). Structures with nonparallel systems can be strengthened by ensuring that there is an adequate load path for the various force components resulting from the transfer of shears from the diaphragm to the vertical lateral-load-resisting systems. A structure with a nonparallel system is shown in Figure 2.2.2.4d. Providing a drag strut at the corner as indicated will distribute into the diaphragm the out-of-plane force component at the intersection of the two shear walls.
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FIGURE 2.2.2.4b Horizontal or plan irregularities--rehabilitating
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FIGURE 2.2.2.4c Horizontal or plan irregularities-example of strengthening a split level diaphragm.
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FIGURE 2.2.2.4d Horizontal or plan irregularities--rehabilitating with nonparallel systems.
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building.



222.5



Reduction of Irregularities and Re-Analysis



The irregularities discussed above will affect the dynamic response of a structure to seismic ground motion and may invalidate the approximation made in the code-prescribed equivalent static lateral force analysis. The NEHRP Evaluation Handbook presents thresholds at which these effects may be considered significant but they are necessarily subjective and should be used with judgment, particularly when a structure has more than one of the above irregularities. Although a linear elastic dynamic analysis will help to identify the location and extent of the irregular responses, any analysis is subject to the validity of the model and, for an existing structure, there may be many uncertainties in the modeling assumptions. Also, as indicated above, the uncertainties associated with the extrapolation of results of linear elastic analyses to obtain estimates of nonlinear response increase greatly when the structure is highly irregular or asymmetrical. For these reasons, structural modifications associated with seismic upgrading of an irregular building should aim primarily to eliminate or significantly reduce the irregularity. The illustration in the lower portion of Figure 2.2.2.4b is an example of an irregular building divided into two separate, regular structures by providing a seismic separation joint. This concept requires careful structural and architectural detailing at the separation joint and may not be cost-effective as a retrofit measure except in cases where extensive alterations are planned for other reasons (e.g., an industrial structure being converted to light commercial or residential use). Although the structural modifications described above to eliminate or reduce irregularities are intended to improve a structure's dynamic response and to increase its capacity to resist seismic forces, in some cases the modifications may shorten the building's period thereby increasing the seismic demand on the structure. For this reason, and also to evaluate the redistribution effects of any significant modifications, it is recommended a re-analysis be performed to identify the need for any additional modifications.



2.23 LACK OF REDUNDANCY 223.1



The Problem



Structures that feature multiple load paths are said to be redundant. Loads producing temporary seismic overstress of individual members or connections in a redundant structure may be redistributed to alternate load paths with the capacity to resist these seismic loads. The seismic capacity of structures that lack redundancy is dependent on adequate nonlinear behavior of the lateral-load-resisting elements. Engineering judgment should be used to ascertain the need for redundancy.



22.232 Rehabilitation Techniques for Lack of Redundancy Rehabilitation techniques that enhance redundancy generally involve the addition of new lateral-load-resisting elements or new systems to supplement existing weak or brittle systems. For example, the addition of new steel braced frames or reinforced concrete shear walls in an existing concrete frame building will provide redundancy to the existing system. The relative rigidity of the new systems probably will dictate that little or none of the design lateral loads be resisted by the existing concrete frame, but if the new braced frames or shear walls are properly designed for ductile behavior as they yield in a severe earthquake, the lateral loads will be redistributed to take advantage of the capacity of the existing concrete frames. This example illustrates that ductility and an adequate load path are essential to the redistribution of loads in redundant systems.



2.2.4 LACK OF TOUGHNESS 2.2.4.1 The Problem



Toughness is defined here as the ability of a structure to maintain its integrity and preclude collapse during a severe earthquake that may cause significant structural damage.
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2.2.42 Rehabilitation Techniques for Lack of Toughness Existing connection details and those for new structural modifications should be evaluated for toughness. Although Chapter 3 identifies some techniques for strengthening connection deficiencies, the engineer must further evaluate these connections in terms of their performance under extreme structural loads and deformations. Codes may prescribe that some precautions be taken (e.g., oversizing connection requirements to avoid premature failure of bracing members and evaluating the deformation compatibility of vertical loadresisting members that are not part of the tateral-load-resisting system); however, other considerations (e.g., avoiding weld configurations that could lead to prying action or other stress concentrations) require engineering judgment. For some structural systems (e.g., steel moment frames), providing additional strength in the connections will increase the toughness of the system; however, in other systems (e.g., concrete moment frames), lack of toughness may require displacement control through the addition of stiffer elements or supplemental damping to protect the existing system.



2.2.5 ADJACENT BUILDINGS 2.2.5.1 The Problem When the gap between buildings is insufficient to accommodate the combined seismic deformations of the buildings, both may be vulnerable to structural damage from the "pounding" action that results when the two collide. This condition is particularly severe when the floor levels of the two buildings do not match and the stiff floor framing of one building impacts on the more fragile walls or columns of the adjacent building. 2.2.5.2 Rehabilitation Techniques for Potential Impact from Adjacent Buildings Since the gap between two buildings usually cannot be increased, increasing the stiffness of one or both buildings may reduce the seismic deformations to the point where impact is precluded with the existing gap. This technique, however, may not be feasible for stiff shear wall buildings of concrete or masonry and, for those cases, consideration should be given to providing alternative load paths for the vertical load-resisting members (i.e., bearing walls or columns) that may be damaged or destroyed by the impact. These alternative load paths would include supplementary columns or vertical shoring to support the floor or roof systems. These supplementary supports would be installed at sufficient distance from the vulnerable exterior walls or columns to be protected when the existing elements are damaged.



2.3 DETERIORATED CONDITION OF STRUCTURAL MATERIALS 23.1 THE PROBLEM Structural materials that are damaged or seriously deteriorated may have an adverse effect on the seismic performance of an existing building during a severe earthquake. The significance of the damage or deterioration must be evaluated with respect to both the existing condition and the proposed seismic strengthening of the building.



23.1.1 Timber Common problems with timber members that require rehabilitation include termite attack, fungus ("dry rot" or "damp rot"), warping, splitting, checking due to shrinkage, strength degradation of fire-retardant plywood in areas where high temperatures exist, or other causes.
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23.1.2 Unreinforced Masonry The weakest element in older masonry usually is the mortar joint, particularly if significant amounts of lime were used in the mortar and the lime was subsequently leached out by exposure to the weather. Thus, cracks in masonry walls caused by differential settlement of the foundations or other causes generally will occur in the joints; however, well-bonded masonry occasionally will crack through the masonry unit.



23.13



Unreinforced Concrete



Unreinforced concrete may be subject to cracking, spalling, and disintegration. Cracking may be drying shrinkage during the curing of the concrete or differential settlement of the foundations. caused by exposure to extreme temperatures or the reactive aggregates used in some Disintegration or raveling of the concrete usually is caused by dirty or contaminated aggregates, cement, or contaminated water (e.g., water with a high salt or mineral content).



due to excessive Spalling can be western states. old or defective



23.1A Reinforced Concrete or Masonry Reinforced concrete and masonry are subject to the same types of deterioration and damage as unreinforced concrete and masonry. In addition, poor or cracked concrete or masonry may allow moisture and oxygen to penetrate to the steel reinforcement and initiate corrosion. The expansive nature of the corrosion byproducts can fracture the concrete or masonry and extend and accelerate the corrosion process.



23.1.5 Structural Steel Poorly designed structural steel members may trap moisture from rainfall or condensation under conditions that promote corrosion and subsequent loss of section for the steel member. Even well-designed steel members exposed to a moist environment require periodic maintenance (i.e., painting or other corrosion protection) to maintain their effective load-bearing capacity. Light structural steel members (e.g., small columns or bracing members) in some installations may be subject to damage from heavy equipment or vehicles. While such damage may have no apparent detrimental effect on the vertical-load-resisting capacity of the steel member, its reserve capacity for resisting seismic forces may be seriously impaired.



23.2 REHABILITATION TECHNIQUES MATERIALS



FOR DETERIORATED CONDITION OF STRUCTURAL



Structural materials that exhibit evidence of damage or deterioration require careful evaluation. Even if affected structural elements are to be rehabilitated or replaced, it is important that the factors contributing to the damage or deterioration be eliminated or minimized. For example, vulnerable steel framing can be protected from heavy equipment or vehicles by concrete curbs or concrete encasement, poorly drained steel members and connections can be modified or replaced so as to provide positive drainage, and steel framing in moist environments can be painted or covered with other corrosion-resistant coatings. If the deterioration is not severe and the apparent causes have been mitigated, the engineer may decide to assign a reduced capacity to the structural member and to perform a revised evaluation of the need for rehabilitation and/or strengthening.
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3



SEISMIC STRENGTHENING OF EXISTING BUILDINGS



3.0 INTRODUCTION The life-safety hazard posed a building found to be vulnerable to earthquake ground motion can be mitigated in several ways: the building can be condemned and demolished or strengthened or otherwise modified to increase its capacity or the seismic demand on the building can be reduced. Structural rehabilitation or strengthening of a building can be accomplished in a variety of ways, each with specific merits and limitations related to the unique characteristics of the building. This chapter focuses on the structural considerations of seismic strengthening or upgrading; however, it must be remembered that other factors may influence or even dictate which technique is most appropriate for an individual building. Recommendations for enhancing the seismic resistance of existing structures by eliminating or reducing the adverse effects of design or construction features were presented in Chapter 2. Cost, function, aesthetic, and seismic zone considerations that also influence the selection of a strengthening technique are reviewed briefly below and are elaborated on in the remaining sections if this chapter. It should be noted, however, that seismic strengthening may trigger application of other building rehabilitation requirements such as those related to handicap access, asbestos, fire sprinklers, fire resistance, and egress.



3.0.1 COST CONSIDERATIONS Cost is very important and often may be the only criterion applied when choosing among equivalent strengthening options. When using relative costs to evaluate two or more feasible strengthening or rehabilitation alternatives, it is important to consider all applicable costs. For example, an existing steel frame building, with steel floor and roof decking and vertical bracing in the exterior walls may have inadequate seismic shear capacity in the diaphragms and vertical bracing. Although it may be feasible to increase the capacity of the existing diaphragms and the bracing, it may be more cost-effective to add bracing to the interior frames to reduce the diaphragm shears to an allowable level. If additional bracing can be installed without additional foundations and without adverse effects on the functional use of the building, it may be significantly more economical than any of the diaphragm strengthening techniques.



3.0.2 FUNCTIONAL CONSIDERATIONS Most buildings are intended to serve one or more functional purposes (e.g., to provide housing or to enclose a commercial or industrial activity). Since the functional requirements are essential to the effective use of the building, extreme care must be exercised in the planning and design of structural modifications, to ensure that the modifications will not seriously impair the functional use. For example, if new shear walls or vertical concentrically braced frames are required, they must be located to minimize any adverse effect on access, egress, or functional circulation within the building. When considering alternative structural modifications for an existing building with an ongoing function, the degree to which construction of the proposed alternative will disrupt that function also must be considered in assessing cost-effectiveness.
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3.0.3 AESTHETIC CONSIDERATIONS In some cases, the preservation of aesthetic features can significantly influence the selection of a strengthening technique. Historical buildings, for example, may require inconspicuous strengthening designed to preserve historical structural or nonstructural features. Other buildings may have attractive or architecturally significant facades, entrances, fenestration, or ornamentation that require preservation. A decrease in natural light caused by the filling in of window or skylight openings or the installation of bracing in front of these openings may have an adverse effect on the occupants of the building. Also, the need for preservation of existing architectural features may dictate the location and configuration of the new bracing system. In many such cases, the engineer may not be able to assign an appropriate value to these subjective considerations; however, any additional costs involved in preserving aesthetic features can be identified so that the building owner can make an informed decision.



3.0A SEISMIC RISK The NEHRP Recommended Provisions contains seismic zonation maps that divide the United States into seven seismic zones ranging from effective seismic accelerations of 0.05g to 0.40g. Seismic strengthening may be required for older structures built before the advent of seismic codes or built under less stringent requirements (i.e., seismic force levels in most codes have escalated and the seismic zoning in many areas has been revised upward). However, since these structures were designed for and have been tested over time by vertical loads and wind forces, it is safe to assume that they have some inherent capacity for resisting seismic forces.* Obviously, older existing structures located in a lower seismic zone have a higher probability of requiring little or no strengthening than do similar structures in a higher zone. Further, some strengthening techniques for existing structures with moderate seismic deficiencies in the lower seismic zones are not appropriate for use in higher zones. In lower seismic zones it sometimes can be demonstrated that a building does not require seismic strengthening because it can resist wind loads in excess of the code-prescribed seismic forces. For other buildings in low seismicity zones, more detailed structural evaluations may be warranted if there is a probability that the seismic adequacy of the structure can be demonstrated.



3.1 VERTICAL-RESISTING ELEMENTS--MOMENT RESISTING SYSTEMS* Moment resisting systems are vertical elements that resist lateral loads primarily through flexure. There are four principal types of moment resisting systems: steel moment frames, concrete moment frames, precast concrete moment frames; and moment frames with infill walls.



3.1.1 STEEL MOMENT FRAMES 3.1.1.1



Deficiencies



The principal seismic deficiencies in steel moment frames are: •



Inadequate moment/shear capacity of beams, columns, or their connections;



o



Inadequate beam/column panel zone capacity; and



*



Excessive drift.



The American Iron and Steel Institute has written a minority opinion concerning the footnoted sentence in Sec. 3.0.4 and the organization of Sec. 3.1 and the American Institute of Steel Construction has written a minority opinion concerning the first sentence in Sec. 3.1.1.1; see page 193. 18



3.1.12 Strengthening Techniques for Inadequate Moment/Shear Capacity of Beams, Columns, or Their Connections Techniques. Deficient moment/shear capacity of the beams, columns, or the connections of steel moment frames can be improved by: 1.



Increasing the moment capacity of the members and connections by adding cover plates or other steel sections to the flanges (Figure 3.1.1.2a) or by boxing members (Figure 3.1.1.2b).



2.



Increasing the moment/shear capacity of the members and connections by providing steel gusset plates or knee braces.



3.



Reducing the stresses in the existing frames by providing supplemental vertical-resisting elements (i.e., additional moment frames, braces, or shear walls) as discussed in Sec. 3.4.



4.



Providing lateral bracing of unsupported flanges to increase capacity limited by tendency for lateral/torsional buckling.



5.



Encasing the columns in concrete.



Relative Merits. If the existing steel frame members are inaccessible (e.g., they are covered with architectural cladding), Techniques 1 and 2 usually are not cost-effective. The majority of the columns, beams, and connections would need to be exposed; significant reinforcement of the connections and members would be required, and the architectural cladding would have to be repaired. Reducing the moment stresses by providing supplemental resisting elements (Technique 3) usually will be the most cost-effective approach. Providing additional moment frames (e.g., in a building with moment frames // only at the perimeter, selected interior frames can be modified to become moment frames as indicated in Figure 3.1.1.2a) reduces stresses on the existing moment frames. Providing supplemental bracing or shear walls also can reduce frame stresses. Concentric frames and bracing may pose relative rigidity problems where a rigid diaphragm is present. Shear (E) bolted walls have the additional disadconnection



vantage of requiring additions to or modifications of the existing foundations. The addition of eccentric bracing may be an efficient and cost-effective technique to increase the lateral load capacity of the deficient frame provided existing beam sizes are appropriate. In addition to being compatible with the rigidity of the moment



\
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N cover plate \



N (N) stiffener



plate



FIGURE 3.1.1.2a Modification of an existing simple beam to a moment connection.
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frames, eccentric bracing has the advantage of being more adaptable than concentric bracing or shear walls in avoiding the obstruction of existing door and window openings. If architectural cladding is not a concern, reinforcement of existing members (Technique 1) may be practical. The addition of cover plates to beam flanges (Figure 3.1.1.2a) can increase the moment capacity of the existing connection, and the capacity of columns can be increased by boxing (Figure 3.1.1.2b). Since the capacity of a column is determined by the interaction of axial plus bending stresses, the addition of box plates increases the axial capacity, thus permitting the column a greater bending capacity. Cover or box plates also may increase the moment capacity of the columns at the base and thereby require that the foundation capacity also be increased. Increasing the moment capacity of columns with cover plates at the beam/column connection usually is not feasible because of the interference of the connecting beams. The addition of flanged gussets to form haunches below and/or above the beam or the use of knee braces (Technique 2) may be effective for increasing the moment capacity of a deficient moment frame. The effects of the haunches or knee braces will require (N) cover plate a re-analysis of the frame and the designer must investigate (E) column the stresses and the need for lateral bracing at the interface between the gusset or brace and the beam or column. In many cases, it may not be feasible to increase the capacity of existing beams by providing cover plates on the top flange because of interference with the floor beams, slabs, or metal decking. (Note that for a bare steel beam, a cover plate on only the lower flange may not significantly reduce the stress in the upper flange.) However, if an existing concrete slab is adequately reinforced and detailed for composite action at the end of FIGURE 3.1.1.2b Strengthening an existing column. the beam, it may be economiflanges at each end of the on the lower plates cover providing by capacity cally feasible to increase the moment in section modulus change an abrupt to avoid 3.1.1.2c Figure in as shown be tapered should beam. Cover plates beyond the point where the additional section modulus is required. Where composite action is not an alternative, increasing the top flange thickness can be achieved by adding tapered plates to the sides of the top flange and butt-welding these plates to the beam and column flanges. In some cases the capacity of steel beams in rigid frames may be governed by lateral stability considerations. Although the upper flange may be supported for positive moments by the floor or roof system, the lower flange must be checked for compression stability in regions of negative moments. If required, the necessary lateral support may be provided by diagonal braces to the floor system. (N) weld
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Encasing the columns in concrete (Technique 5) can increase column shear capacity in addition to increasing stiffness. This alternative may be cost-effective when both excessive drift and inadequate column shear capacity need to be addressed.



(E) continuous steel



reinforcement across column



-



(N) cover plate,



welded to existing beam above



FIGURE 3.1.1.2c Strengthening an existing beam.



3.1.1.3 Strengthening Techniques for Inadequate Panel Zone Capacity Techniques. Beam/column panel zones can be overstressed due to seismic forces if the tensile capacity in the column web opposite the beam flange connection is inadequate (i.e., tearing of the column web), if the stiffness of the column flange where beam flange or moment plate weld occurs is inadequate (i.e., lateral bowing of the column flange), if the capacity for compressive forces in the column web is inadequate (i.e., web crippling or buckling of the column web opposite the compression flange of the connecting beam), or if there is inadequate shear capacity in the column flange (i.e., shear yielding or buckling of the column web). Deficient panel zones can be improved by. 1.



Providing welded continuity plates between the column flanges.



2.



Providing stiffener plates welded to the column flanges and web.



3.



Providing web doubler plates at the column web.



4.



Reducing the stresses in the panel zone by providing supplemental vertical-resisting elements (i.e., additional moment frames, braces, or shear walls) as discussed in Sec. 3.4.
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Relative Ments. Technique 2 (i.e., adding stiffener plates to the panel zone) usually is the most cost-effective alternative. It should be noted that this technique corrects three of the four deficiencies identified above. Also, by confining the column web in the panel zone, shear buckling is precluded and shear yielding in the confined zone may be beneficial by providing supplemental damping. The cost for removal and replacement of existing architectural cladding and fireproofing associated with these alternatives needs to be considered in assessing costeffectiveness.



3.1.1.4 Techniques for Reducing Drift Techniques. Drift of steel moment frames can be reduced by1.



Increasing the capacity and, hence, the stiffness of the existing moment frame by cover plates or boxing.



2.



Increasing the stiffness of the beams and columns at their connections by providing steel gusset plates to form haunches.



3.



Reducing the drift by providing supplemental vertical-resisting elements (i.e., additional moment frames, braces, or shear walls) as discussed in Sec. 3.4.



4.



Increasing the stiffness by encasing columns in reinforced concrete.



5.



Reducing the drift by adding supplemental damping as discussed in Sec. 4.



Relative Merits. Excessive drift generally is a concern in the control of seismic damage; however, for steel frames, there also may be cause for concern regarding overall frame stability. If the concern is excessive drift and not frame capacity, the most cost-effective alternative typically is increasing the rigidity of the frame by the addition of bracing or shear walls. However, increasing the rigidity of the frame also may increase the demand load by lowering the fundamental period of vibration of the structure, and this potential adverse effect must be assessed. Providing steel gusset plates (Technique 2) to increase stiffness and reduce drift may be cost-effective in some cases. This technique however, must be used with caution since new members may increase column bending stresses and increase the chance for a nonductile failure. Thus, column and beam stresses must be checked where beams and columns interface with gussets and column stability under a lateral displacement associated with the design earthquake should be verified. Increasing the stiffness of steel columns by encasement in concrete (Technique 4) may be an alternative for reducing drift in certain cases. The principal contributing element to excessive story drift typically is beam flexibility-,hence, column concrete encasement will be only partially effective and is therefore only cost-effective when a building has relatively stiff beams and flexible columns. Reducing drift by adding supplemental damping is an alternative that is now being considered in some seismic rehabilitation projects. Typically, bracing elements need to be installed in the moment frame so that discrete dampers can be located between the flexible moment frame elements and the stiff bracing elements. This alternative is further discussed in Sec. 4.3.2.



3.1.2 CONCRETE MOMENT FRAMES 3.1.2.1



Deficiency



The principal deficiency in concrete moment frames is inadequate ductile bending or shear capacity in the beams or columns and lack of confinement, frequently in the joints.
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3.1.2.2 Strengthening Techniques for Deficiency in Concrete Moment Frames Techniques. Deficient bending and shear capacity of concrete moment frames can be improved by. 1.



Increasing the ductility and capacity by jacketing the beam and column joints or increasing the beam or column capacities (Figures 3.1.2.2a and 3.1.2.2b).



2.



Reducing the seismic stresses in the existing frames by providing supplemental vertical-resisting elements (i.e., additional moment frames, braces, or shear walls) as discussed in Sec. 3.4.



3.



Changing the system to a shear wall system by infilling the reinforced concrete frames with reinforced concrete (Figure 3.1.2.2c).



Relative Merits. Improving the ductility and strength of con-



crete



frames by jacketing



(N) reinforcement and concrete



(Technique 1) generally is not cost-effective because of the difficulty associated with providing the necessary confinement and shear reinforcement in the beams, columns, and beam-column connection zones. When deficiencies are identified in these frames, it will probably be more cost-effective to consider



adding reinforced concrete shear walls (Technique 2) or filling in the frames with reinforced concrete (Technique 3). Either of these alternatives will tend to make the frames ineffective for lateral loads. This is because the greater rigidity of the walls will increase the per(E) concrete beam centage of the lateral load to be longitudinal resisted by the walls, (i.e., later- . nt. (Nfore al forces will be attracted away reinforcement from the relatively flexible (N) tie moment frames and into the reinforcement more rigid walls). This is especially true for buildings with / (N) concrete rigid diaphragms. These alter(E) concrete slab natives also typically will require upgrading of the foundations, which may be costly. The FIGURE 3-122a Encasing an existing beam in concrete. decision regarding whether the new walls should be in the interior of the building or at its perimeter or exterior buttresses usually will depend on nonstructural considerations such as aesthetics and disruption or obstruction of the functional use of the building.
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(N) concrete (N) ties



(E) concrete cover removed (E) column (N) longitudinal



reinforcements Figure 3.12.2b Strengthening an existing concrete column.
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FIGURE 3.1.22b contlnued.
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FIGURE 3.1.2.2c Strengthening an existing concrete frame building with a reinforced concrete shear wall.



3.13 MOMENT FRAMES WITH INFILLS 3.13.1 Deficiencies When reinforced concrete or steel moment frames are completely infilled, the frame action may be inhibited by the rigidity of the infill wall. Rigid infill walls (e.g., reinforced concrete, reinforced masonry, or clay tile) will resist lateral forces predominantly as shear walls and the frames will be relatively ineffective. Reinforced concrete or steel frames completely infilled with less rigid walls (e.g., unreinforced masonry) will tend to resist lateral forces as braced frames with a diagonal compression "strut" forming in the infill. The principal deficiencies in moment frames with intfillwalls are: *



Crushing of the infill at the upper and lower corners due to the diagonal compression strut type action of the infill wall,



*



Shear failure of the beam/column connection in the steel frames or direct shear transfer failure of the beam or column in concrete frames, 26



*



Tensile failure of the columns or their connections due to the uplift forces resulting from the braced frame action induced by the infill,



*



Splitting of the infill due to the orthogonal tensile stresses developed in the diagonal compressive strut, and



*



Loss of infill by out-of-plane forces due to loss of anchorage or excessive slenderness of the infill wall.



If the infill walls have inadequate capacity to resist the prescribed forces, the deficiencies may be corrected as described below for shear walls. Partial height infills or infills with door or window openings also will tend to brace concrete or steel frames, but the system will resist lateral forces in a manner similar to that of a knee-braced frame. The lateral stiffness of the shortened columns is increased so that, for a given lateral displacement, a larger shear force is developed in the shortened column compared to that in a full height column. If the column is not designed for this condition, shear or flexural failure of the column could occur in addition to the other potential deficiencies indicated above for completely infilled frames. Falling debris resulting from the failure of an existing infill wall also poses a life-safety hazard. Frames may be infilled with concrete or various types of masonry such as solid masonry, hollow clay tile, or gypsum masonry. These infills may be reinforced, partially reinforced, or unreinforced. Infills (particularly brittle unreinforced infills such as hollow clay tile or gypsum masonry) often become dislodged upon failure of the wall in shear. Once dislodged, the broken infill may fall and become a life-safety hazard. Mitigation of this hazard can be accomplished by removing the infill and replacing it with a nonstructural wall as described above. The infill can also be "basketed" by adding a constraining member such as a wire mesh. Basketing will not prevent the infill from failing but will prevent debris from falling. In some cases, the exterior face of the infill may extend beyond the edge of the concrete or steel frame columns or beams. For example, an unreinforced brick infill in a steel frame may have one wythe of brick beyond the edge of the column or beam flange to form a uniform exterior surface. This exterior wythe is particularly vulnerable to delamination or splitting at the collar joint (i.e., the vertical mortar joint between the wythes of brick) as the infilled frame deforms in response to lateral loads. Because the in-plane deformation of completely infilled frames is very small, the potential for delamination, is greater for partial infills or those with significant openings. The potential life-safety hazard for this condition should be evaluated and may be mitigated as described in the preceding paragraph.



3.13.2 Rehabilitation Techniques for the Infill Walls of Moment Frames Techniques. Inadequate shear transfer of the infill walls of moment frames can be improved by: 1.



Eliminating the hazardous effects of the infill by providing a gap between the infill and the frame and providing out-of-plane support.



2.



Treating the infill frame as a shear wall and correcting the deficiencies as described in Sec. 3.2.



Relative Merits. If the frame, without the infill wall, has adequate capacity for the prescribed forces, the most expedient correction is to provide a resilient joint between the column, upper beam, and wall to allow the elastic deformation of the column to take place without restraint (Technique 1). This may be accomplished by cutting a gap between the wall and the column and the upper beam and filling it with resilient material (out-of-plane restraint of the infill still must be provided) or by removing the infill wall and replacing it with a nonstructural wall that will not restrain the column. If the frame has insufficient capacity for the prescribed forces without the infill, then proper connection of the infill to the frame may result in an adequate shear wall. The relative rigidities of the shear wall and moment frames in other bays must be considered when distributing the lateral loads and evaluating the wall and frame stresses.
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3.1.4 PRECAST CONCRETE MOMENT FRAMES 3.1.4.1



Deficiency



The principal deficiency of precast concrete moment frames is inadequate capacity and/or ductility of the joints between the precast units.



3.1.4.2 Strengthening Techniques for the Precast Concrete Moment Frames Techniques. Deficient capacity and ductility of the precast concrete moment frame connections can be improved by:



1.



Removing existing concrete in the precast elements to expose the existing reinforcing steel, providing additional reinforcing steel welded to the existing steel (or drilled and grouted), and replacing the removed concrete with cast-in-place concrete.



2.



Reducing the forces on the connections by providing supplemental vertical-resisting elements (i.e., additional moment frames, braces, or shear walls) as discussed in Sec. 3.4.



Relative Merits. Reinforcing the existing connections as indicated in Technique 1 generally is not cost-effective because of the difficulty associated with providing the necessary confinement and shear reinforcement in the connections. Providing supplemental frames or shear walls (Technique 2) generally is more cost-effective; however, the two alternatives may be utilized in combination.



3.2 VERTICAL-RESISTING ELEMENTS--SHEAR WALLS Shear walls are structural walls designed to resist lateral forces parallel to the plane of the wall. There are four principal types of shear walls: cast-in-place reinforced concrete or masonry shear walls; precast concrete shear walls; unreinforced masonry shear walls; and shear walls in wood frame buildings.



3.2.1 REINFORCED CONCRETE OR REINFORCED MASONRY SHEAR WALLS 3.2.1.1



Deficiencies



The principal deficiencies of reinforced concrete or masonry shear walls are: •



Inadequate shear capacity,



•



Inadequate flexural capacity, and



o



Inadequate shear or flexural capacity in the coupling beams between shear walls or piers.
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Strengthening Techniques for Shear Capacity



Techniques. Deficient shear capacity of existing reinforced concrete or reinforced masonry shear walls can be improved by:



1.



Increasing the effectiveness of the existing walls by filling in door or window openings with reinforced concrete or masonry (Figures 3.2.1.2a and 3.2.1.2b).
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2.



Providing additional thickness to the existing walls with a poured-in-place or pneumatically applied (i.e., shotcrete) reinforced concrete overlay anchored to the inside or outside face of the existing walls (Figure 3.2.1.2c).



3.



Reducing the shear or flexural stresses in the existing walls by providing supplemental vertical-resisting elements (i.e., shear walls, bracing, or external buttresses) as discussed in Sec. 3.4.



Relative Merits. Techniques 1 and 2 generally will be more economical than Technique 3, particularly if they can



be accomplished without increasing existing foundations. If adequate additional capacity can be obtained by filling in selected window or door openings without impairing the functional or aesthetic aspects of the building, this alternative probably will the most economical. If this is not feasible, Technique 3 should be considered. The optimum application close existing of this alternative would be opening with when adequate additional careinforced concrete or pacity could be obtained by a reinforced masonry reinforced concrete overlay on a selected portion of the outside face of the perimeter walls without unduly impairing the functional or aesthetic qualities of the building and without the need to increase the footing. In some cases, restrictions may preclude any change in the exterior appearance of the building (e.g., a building with In historical significance). these cases, it will be necessary to consider overlays to the inside face of the exterior shear walls or to either face of interior shear walls. Obviously this wall s \ is more disruptive and, thus, (N) shearwall more costly than restricting the foundation to be work to the exterior of the strengthened as building. However, if the funcrequired tional activities within the building are to be temporarily relocated because of other interior alterations, the cost difference (E) reinforced between the concrete overlay to the inside face and the outside concrete or face of the building walls is reinforced reduced. In some cases, for masonry wall example, when deficiencies exist in the capacity of the diaphragm chords or in the shear tran- FIGURE 3.2.1.2a Strengthening an existing shear wall by filling in existing sfer from the diaphragm to the openings. shear walls, there may be compelling reasons to place the overlay on the inside face and concurrently solve other problems. Technique 3 (i.e., providing supplemental vertical-resisting elements) usually involves construction of additional interior shear walls or exterior buttresses. This alternative generally is more expensive than the other two because of the need for new foundations and for new drag struts or other connections to collect the diaphragm shears for transfer to the new shear walls or buttresses. The foundation required to resist overturning forces
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for an exterior buttress usually is significant because the dead weight of the building cannot be mobilized to resist the overturning forces. Piles or drilled piers may be required to provide tensile hold-down capacity for the footings. Buttresses located on both ends of the wall can be designed to take compression only, minimizing the foundation problems. Buttresses frequently are not feasible due to adjacent buildings or property lines. The advantages of the buttress over a new interior shear wall is that the work can be accomplished with minimal interference to ongoing building functions.
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ELEVATION FIGURE 3.2.112b Example of details for enclosing an existing opening in a reinforced concrete or masonry wall.
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FIGURE 3.2.m2c Strengthening an existing concrete or masonry wall. 3.2.1.3 Strengthening Technique For Flexural Capacity Deficient flexural capacity of existing reinforced concrete or masonry shear walls can be improved using the same techniques identified to improve shear capacity, ensuring that flexural steel has adequate connection capacities into existing walls and foundations. Shear walls that yield in flexure are more ductile than those that yield in shear. Shear walls that are heavily reinforced (i.e., with a reinforcement ratio greater than about 0.005) also are more susceptible to brittle failure; therefore, care must be taken not to overdesign the flexural capacity of rehabilitated shear walls.



3.2.1.4 Rehabilitation Technique for Coupling Beams Deficient shear or flexural capacity in coupling beams of reinforced concrete or reinforced masonry shear walls can be improved by: 1.



Eliminating the coupling beams by filling in openings with reinforced concrete (Figure 3.2.1.2b).



2.



Removing the existing beams and replacing with new stronger reinforced beams (Figure 3.2.1.4).



3.



Adding reinforced concrete to one or both faces of the wall and providing an additional thickness to the existing wall (Figure 3.2.1.2c).



4.



Reducing the shear or flexural stresses in the connecting beams by providing additional vertical-resisting elements (i.e., shear walls, bracing, or external buttresses) as discussed in Sec. 3.4.



Relative Merits. If the deficiency is in both the piers and the connecting beams, the most economical solution is likely to be the Technique 3 (i.e., adding reinforced concrete on one or both sides of the existing wall). Shallow, highly stressed connecting beams may have to be replaced with properly reinforced concrete as part of
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the additional wall section. The new concrete may be formed and poured in place or may be placed by the pneumatic method. If the identified deficiency exists only in the connecting concrete floor beams, consideration should be (E) given to acceptance of some minor damage in the form of stirrup ties cracking or spalling by repeating the structural evaluation reinforced with the deficient beams modcrete coupling eled as pin-ended links between rm,tied to existing the piers. If this condition is SECTION j b i and wall sab unacceptable, Technique 2 may be the most economical and the I beams should be removed and replaced with properly designed (E) concrete wall FEN reinforced concrete. Depending on functional (E) opening and architectural as well as structural considerations, Tech(E) concrete slab



I~ ~ , co Ne



nique 1 (i.e., filling in selected



beyond



)



openings) may be practical. If Techniques 1 through 3 are not feasible or adequate to ensure the proper performance of the wall, reducing the stresses by adding supplemental new structural elements (Technique 4) should be considered. This alternative is likely to be the most costly because of the need for new foundations, vertical members, and collectors.



ELEVATION 3.2.2 PRECAST CONCRETE SHEAR WALLS 322.1



FIGURE 3.2.1.4 Example of strengthening an existing coupling beam at an exterior wall.



Deficiencies



The principal deficiencies of precast concrete shear walls are: *



Inadequate shear or flexural capacity in the wall panels,



*



Inadequate interpanel shear or flexural capacity,



o



Inadequate out-of-plane flexural capacity, and



*



Inadequate shear or flexural capacity in coupling beams.
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3.2.22 Strengthening Techniques for Inadequate Shear or Flexural Capacity Techniques. Deficient in-plane shear or flexural capacity of precast concrete panel walls can be improved by: 1.



Increasing the shear and flexural capacity of walls with significant openings for doors or windows by infihling the existing openings with reinforced concrete.



2.



Increasing the shear or flexural capacity by adding reinforced concrete (poured-in-place or shotcrete) at the inside or outside face of the existing walls.



3.



Adding interior shear walls to reduce the flexural or shear stress in the existing precast panels.



Relative Merits. Precast concrete shear walls generally only have high in-plane shear or flexure stress when there are large openings in the wall and the entire shear force tributary to the wall is carried by a few panels. The most cost-effective solution generally is to infill some of the openings with reinforced concrete (Technique 1). In the case of inadequate interpanel shear capacity, the panels will act independently and can have inadequate flexural capacity. Improving the connection capacity between panels can improve the overall wall capacity. Techniques 2 and 3 generally not cost-effective unless a significant overstress condition exists.



3.2.2.3 Strengthening Techniques for Inadequate Interpanel Capacity Techniques. Deficient interpanel shear connection capacity of precast concrete wall panels can be improved by: 1.



Making each panel act as a cantilever to resist in-plane forces (this may be accomplished by adding or strengthening tie-downs, edge reinforcement, footings, etc.).



2.



Providing a continuous wall by exposing the reinforcing steel in the edges of adjacent units, adding ties, and repairing with concrete.



Relative Merits. The two techniques can be equally effective. Where operational and aesthetic requirements for the space can accommodate the installation of tie-downs and possibly surface-mounted wall edge reinforcement that will make each panel act as a cantilever is a cost-effective way to compensate for inadequate interpanel capacity. Where this is not acceptable, creating a continuous wall by exposing horizontal reinforcing steel and weld-splicing them across panel joints is a viable, although more costly, option. A commonly used technique to increase interpanel capacity is to bolt steel plates across panel joints; however, observations of earthquake damage indicate this technique may not perform acceptably due to insufficient ductility and its use is not recommended.



3.2.2.4 Strengthening Techniques for Inadequate Out-of-Plane Flexural Capacity Techniques. Deficient out-of-plane flexural capacity of precast concrete shear walls can be by: 1.



Providing pilasters at and/or in-between the interpanel joints.



2.



Adding horizontal beams between the columns or pilasters at mid-height of the wall.



Relative Merits. The reinforcing in some precast concrete wall panels may be placed to handle lifting stresses without concern for seismic out-of-plane flexural stresses. A single layer of reinforcing steel, for example, may be placed adjacent to one face of the wall. If this condition exists, new and/or additional pilasters can be provided between the diaphragm and the foundation at a spacing such that the wall will adequately span horizontally between pilasters. Also, horizontal beams can be provided between the pilasters at a vertical spacing such that the wall spans vertically between the diaphragm and the horizontal beam or between the horizontal
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beam and the foundation. It should be noted that the problem of inadequate out-of-plane flexural capacity often is caused by wind design, particularly in the lower seismic zones.



32.2.S Strengthening Techniques for Inadequate Shear or Flexural Capacity in Coupling Beams Techniques. Deficient shear or flexural capacity in coupling beams in precast concrete walls can be improved using the techniques identified for correcting the same condition in concrete shear walls. Relative Merits. The relative merits of the alternatives for improving the shear or flexural capacity of connecting beams in precast concrete coupling beams are similar to those discussed in Sec. 3.2.1.4 for concrete shear walls.



3.2.3 UNREINFORCED MASONRY SHEAR WALLS 3.2.3.1



Deficiencies



Masonry walls include those constructed of solid or hollow units of brick or concrete. Hollow clay tile also is typically classified as masonry. The use of hollow tile generally has been limited to nonstructural partitions and is discussed in Sec. 5.4. Unreinforced concrete, although not classified as masonry, may be strengthened by techniques similar to those described below for masonry. The principal deficiencies of unreinforced masonry shear walls are: o



Inadequate in-plane shear and



*



Inadequate out-of-plane flexural capacity of the walls.



A secondary deficiency is inadequate shear or flexural capacity of the coupling beam.



3.23.2 Strengthening Techniques for Inadequate In-plane Shear and Out-of-Plane Flexural Capacity of the Walls Techniques. Deficient in-plane shear and out-of-plane flexural capacity of unreinforced masonry walls can be improved by:



1.



Providing additional shear capacity by placing reinforcing steel on the inside or outside face of the wall and applying new reinforced concrete (Figure 3.2.1.2c).



2.



Providing additional capacity for only out-of-plane lateral forces by adding reinforcing steel to the wall utilizing the center coring technique (Figure 3.2.3.2).



3.



Providing additional capacity for out-of-plane lateral forces by adding thin surface treatments (e.g., plaster with wire mesh and portland cement mortar) at the inside and outside face of existing walls.



4.



Filling in existing window or door openings with reinforced concrete or masonry (Figures 3.2.1.2a and 3.2.1.2b).



5.



Providing additional shear walls at the interior or perimeter of the building or providing external buttresses.



Relative Merits. Strengthening techniques for inadequate in-plane shear capacity are similar to those discussed above for reinforced concrete or masonry walls, but there is an important difference because of the very low allowable stresses normally permitted for unreinforced masonry. These stresses generally are based on the
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ultimate strength of the masonry determined from core tests or in-situ testing. A very large safety factor commonly is used in establishing allowable shear stress because of the potential variation in workmanship and materials, particularly in masonry joints. Research indicates that it is difficult to maintain strain compatibility between uncracked masonry and cracked reinforced (E) unreinforced concrete. As a result, when masonry wall there is a significant deficiency ( in the in-plane shear capacity of



unreinforced masonry walls,



/



prefer to ignore the participation of the existing masonry, to provide out-of-plane support for the masonry, and to design the concrete overlay to resist



the



total



in-plane



shear.



(N) 4 inch (±) diameter



core drilled and grouted



some structural engineers /



with a polyester-sand mixture with steel reinforcement



/ /



/



,\ However, reinforced concrete 4 to 5 ft. core / shear walls may be provided in spacing an existing building to reduce the in-plane shear stresses in the unreinforced masonry walls by redistributing the seismic forces by relative rigidities. It should be noted that this redis-I tribution is most effective when the walls are in the same line of force and connected by a competent spandrel beam or When the new drag strut. are not in the walls concrete same line of force and when the diaphragm is relatively FIGURE 323.2 Example of center coring technique. flexible with respect to the wall, the redistribution may be by tributary area rather than by relative rigidity and the benefit of the additional shear wall may not be entirely realized. Since new concrete shear walls can delaminate from the masonry substrate, such walls should have adequate height to thickness ratios (h/t) independent of the masonry wall. Unreinforced masonry buildings often lack adequate wall anchorage and diaphragm chords. To correct these deficiencies as well as inadequate in-plane shear capacity, it may be desirable to place the concrete overlay on the inside face of the exterior walls (Figure 3.2.1.2c). Foundations, however, may be inadequate to carry the additional weight of the concrete overlay; see the NEHRP Evaluation Handbook for further discussion of this subject. Because unreinforced masonry has minimal tensile strength, these walls are very susceptible to flexural failure caused by out-of-plane forces. A common strengthening technique for this deficiency is to construct reinforced concrete pilasters or steel columns anchored to the masonry wall and spanning between the floor diaphragms. The spacing of the pilasters or columns is such that the masonry wall can resist the seismic inertia forces by spanning as a horizontal beam between the pilasters or columns. A recent innovation that has been used on several California projects is the seismic strengthening of unreinforced masonry walls by the center coring technique (Technique 2). This technique consists of removing 4 inch (±) diameter vertical cores from the center of the wall at regular intervals (about 3 to 5 feet apart) and placing reinforcing steel and grout in the cored holes. Polymer cement grout has been used because of its workability, low shrinkage, and penetrating characteristics. The reinforcement has been used with and without post-tensioning. This technique provides a reinforced vertical beam to resist flexural stresses, and the infusion
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of the polymer grout strengthens the mortar joint in the existing masonry, particularly in the vertical collar joints that generally have been found to be inadequate. This method is a developing technology and designers contemplating its use should obtain the most current information on materials and installation techniques. Technique 3 for strengthening the out-of-plane capacity of existing walls is to apply thin surface treatments of plaster or portland cement over welded wire mesh. These treatments should be applied on both faces of existing walls.



Filling in existing window and/or door openings (Technique 4) can be a cost-effective means of increasing in-plane shear capacity if the architectural and functional aspects of the building can be accommodated. To maintain strain compatibility around the perimeter of the opening, it is desirable. that the infill material have physical properties similar to those of the masonry wall.



3.2.3.3 Alternative Methodology for Evaluation and Design of Unreinforced Masonry Bearing Wall Buildings An alternative methodology has been developed for the evaluation and design of unreinforced masonry bearing wall buildings with flexible wood diaphragms. Initially designated as the "ABK Methodology," it is based on research funded by the National Science Foundation and performed by Agbabian Associates, S. B. Barnes and Associates, and Kariotis and Associates. The ABK methodology was the basis for the City of Los Angeles' Rule of General Application (RGA) that was developed in cooperation with the Hazardous Buildings Committee of the Structural Engineers Association of Southern California and approved in 1987 as an alternate to the conventional design method in Division 88 of the Los Angeles City Building Code. Code provisions for the "ABK Methodology" now have been developed jointly by the Structural Engineers Association of California (SEAOC) and the California Building Officials (CALBO) and are published in the 1991 Edition of the Uniform Code for Building Conservation (available from the International Conference of Building Officials). The procedure for evaluation of unreinforced masonry (URM) bearing wall buildings presented in Appendix C of the NEHRP Evaluation Handbook is based on this methodology. Some of the principal differences between the new methodology and conventional code provisions are as follows:



1.



The in-plane masonry walls are assumed to be rigid (i.e., there is no dynamic amplification of the ground motion in walls above ground level).



2.



The diaphragms and the tributary masses of the out-of-plane walls respond to ground motion through their attachments to the in-plane walls.



3.



The maximum seismic force transmitted to the in-plane walls by the diaphragm is limited by the shear strength of the diaphragms.



4.



The diaphragm response is controlled within prescribed limits by cross walls (i.e., existing or new wood sheathed stud walls) or shear walls.



5.



Maximum height to thickness (hit) ratios are specified in lieu of flexural calculations for the out-of-plane response of the walls.



The ABK Methodology and the more conventional evaluation and design methods, prescribed in building codes such as the City of Los Angeles' Division 88 for unreinforced masonry have been prescribed in California with the objective of preservation of life safety rather than prevention of damage. Several moderate earthquakes in Southern California have provided limited testing of the methodology and, although the results are not conclusive, very few of the retrofitted buildings suffered total or partial collapse and the degree of structural damage was less than occurred in nonretrofitted buildings.
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3.2.4 SHEAR WALLS IN WOOD FRAME BUILDINGS 3.2.4.1



Deficiencies



The principal deficiencies of wood or metal stud shear wall buildings are: *



Inadequate shear capacity of the wall and



*



Inadequate uplift or hold-down capacity of the wall.



3.2.42 Strengthening Techniques for Inadequate Shear Capacity Techniques. Deficient shear capacity of the wood or metal stud walls can be improved by: 1.



Increasing the shear capacity by providing additional nailing to the existing finish material.



2.



Increasing the shear capacity by adding plywood sheathing to one or both sides of the wall.



3.



Reducing the loads on the wall by providing supplemental shear walls to the interior or perimeter of the building.



Relative Merits. Seismic forces in existing wood frame buildings generally are moderate and, in many cases, the existing walls may be adequate. Tabulated allowable shear values are available for existing finishes such as lath and plaster and gypsum wallboard. In the latter case, existing nailing may dictate the allowable shear value and higher allowable values may be obtained by additional nailing. Similarly, the allowable shear value for walls with existing plywood sheathing may be increased within limits by additional nailing. New plywood sheathing may be nailed onto existing gypsum wallboard. Longer nails are required and the allowable shear values are comparable to plywood nailed directly to the studs, but the existing finish need not be removed. Existing metal stud shear walls may be evaluated like wood stud walls. The fasteners generally are selfthreading sheet metal screws and corresponding allowable shear values are available for the finishes discussed in the preceding paragraph. Where the shear capacity of an existing wall is increased, the shear transfer capacity at the foundation and the capacity of the foundation connection to resist overturning forces must be checked. Techniques for increasing the foundation shear connection and overturning capacities are discussed in Sec. 3.8.1. As with other shear wall strengthening techniques, the most economical scheme will be the one that minimizes the total cost, including removal and replacement of finishes and other nonstructural items, disruption of the functional use of the building, and any necessary strengthening of foundations or other structural supports. Under normal circumstances, sheathing the exterior face of the perimeter walls should have the lowest cost, but in some circumstances (e.g., if extensive interior alterations are planned) strengthening existing interior shear walls or adding new interior shear walls will be more economical. If the loads are so large that the above alternatives are not practical, it may be possible to reduce the forces on the wall by strengthening other existing shear walls or by adding supplemental walls (Technique 3). 3.2.43 Strengthening Techniques for Inadequate Uplift or Hold-Down Capacity Techniques. Strengthening techniques for inadequate uplift or hold-down capacity are discussed in Sec. 3.7.1.5 and are illustrated in Figures 3.7.1.5 (a, b, c, and d).
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3.3 VERTICAL-RESISTING ELEMENTS--BRACED FRAMES Braced frames are vertical elements that resist lateral loads through tension and/or compression braces. There are two principal types of braced frames: concentric bracing consisting of diagonals, chevrons, K-bracing, or tension rods and eccentric bracing (Figure 3.3). K-bracing has undesirable performance characteristics for seismic loads in that buckling of the compression diagonal brace results in an unbalanced horizonbracing tal force on the column from the remaining tension brace. Some building _ codes permit K-bracing only in low seismic zones where there is only a small probability of exceedance for the design seismic forces. In the higher seismic zones, these braces should be chevron removed and the system modified to one bracing



D\ D



-



___________



_further,



K-bracing



ConcentricBracing



link beam



of the other bracing configurations; this should be done in all other seismic zones if at all possible. Chevron bracing has similar characteristics in that buckling of one brace in compression results in an unbalanced tensile force from tMe remaining brace. With chevron bracing, the unbalanced force occurs on the beam rather than the column. Nonetheless. the unbalanced tensile brace reaction Shouldbe considered in the rehabilitatioi.. particularly in the case of the inverted V configuration



in



which the unbalanced force is additive to the gravity loads suppornad by the beam. Braced frames are typically of steel construction, however, conc.ete braced frames are occasionally consti icted.



Eccntric Bracing FIGURE 33 Bracing types. 3.3.1 STEEL CONCENTRICALLY BRACED FRAMES 3.3.1.1 Deficiencies



The principal deficiencies of steel concentrically braced frames are: *



Inadequate lateral force capacity of the bracing system governed by buckling of the compression brace,



*



Inadequate capacity of the brace connection,



*The American Institute of Steel Construction has written a minority opinion regarding this sentence; see page 193. 38



o



Inadequate axial load capacity in the columns or beams of the bracing system, and



*



Brace configuration that results in unbalanced tensile forces, causing bending in the beam or column when the compression brace buckles.



33.12



Strengthening Techniques for Inadequate Brace Capacity



Techniques. Deficient brace compression capacity can be improved by: 1.



Increasing the capacity of the braces by adding new members thus increasing the area and reducing the radius of gyration of the braces.



2.



Increasing the capacity of the member by reducing the unbraced length of the existing member by providing secondary bracing.



3.



Providing greater capacity by removing and replacing the existing members with new members of greater capacity (Figure 3.3.1.2).



4.



Reducing the loads on the braces by providing supplemental vertical-resisting elements (i.e., shear walls, bracing, or eccentric bracing) as discussed in Sec. 3.4.



(N) weld A



(N) connection plate,-



b'



FIGURE 33.12



Addition to or replacement of an existing X-brace.
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Relative Merits. A brace member is designed to resist both tension and compression forces, but its capacity for compression stresses is limited by potential buckling and is therefore less than the capacity for tensile stresses. Since the design of the system generally is based on the compression capacity of the brace, some additional capacity may be obtained by simply reducing the unsupported length of the brace by means of secondary bracing (Technique 3) provided the connections have adequate reserve capacity or can be strengthened for the additional loads. If significant additional bracing capacity is required, it will be necessary to consider strengthening (Technique 1) or replacement (Technique 3) of the brace. Single-angle bracing can be doubled; double-angle bracing can be "starred"; channels can be doubled; and other rolled sections can be cover plated. New sections should be designed to be compact if possible since they will perform with significantly more ductility than noncompact sections. These modifications probably will require strengthening or redesign of the connections. The other members of the bracing system (i.e., columns and beams) must be checked for adequacy with the new bracing loads. Strengthening of existing K- or chevron bracing should be undertaken only after careful evaluation of the additional bending forces following the buckling of the compression bracing. Where the existing bracing in these systems is found to have inadequate capacity, the preferred solution is to replace it with a diagonal or cross-bracing configuration. It usually is a good idea to limit the strengthening of the existing bracing to the capacity of the other members of the bracing system and the foundations and to provide additional bracing if required. An alternative would be to provide new shear walls or eccentric bracing. Construction of supplemental shear walls may be disruptive and probably will require new foundations. The greater rigidity of the shear walls as compared with that of the bracing also may tend to make the existing bracing relatively ineffective. The rigidity of eccentric bracing, however, can be "tuned" to be compatible with that of the existing concentric bracing, but the advantages of the eccentric bracing may be offset by its greater construction cost. Thus, strengthening the existing bracing or providing additional concentric bracing are considered to be the most cost-effective alternatives. 3.3.1.3 Strengthening Techniques for Inadequate Capacity of the Brace Connection Techniques. Deficient brace connection capacity can be improved by: 1.



Increasing the capacity of the connections by additional bolting or welding.



2.



Increasing the capacity of the connections by removing and replacing the connection with members of greater capacity.



3.



Reducing the loads on the braces and their connections by providing supplemental vertical-resisting elements (i.e., shear walls, bracing, or eccentric bracing) as discussed in Sec. 3.4.



Relative Merits. Adequate capacity of brace connections is essential to the proper performance of the brace. The capacity of the brace is limited by its compression capacity and the connection may have been designed for this load. When the brace is loaded in tension, however, the brace may transmit significantly higher forces to the connection. If the existing connection members (e.g., gusset plates) have sufficient capacity, the most economical alternative may be to increase the existing connection capacity by providing additional welding or bolts. If the existing gusset plates have inadequate capacity, the existing configuration and accessibility need to be assessed to determine whether adding supplemental connecting members or replacing the existing connecting members with members of greater capacity (Technique 3) is more economical. If the existing brace members require strengthening or replacement with members of greater capacity, it is probable that new connections would bethe most cost-effective alternative. Whether Technique 1 (reducing loads by adding supplemental members) is a cost-effective alternative is most likely to be a consideration when assessing the capacities of the braces, not the brace connections. The merits of this alternative are discussed above.
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33.1A Strengthening Techniques for Inadequate Axial Load Capacity In the Columns or Beams of the Bracing System Techniques. Deficient axial load capacity of existing bracing system columns and beams can be improved by. 1.



Providing additional axial load capacity by adding cover plates to the member flanges or by boxing the flanges.



2.



Providing additional axial load capacity by jacketing the existing members with reinforced concrete.



3.



Reducing the loads on the beams and columns by providing supplemental vertical-resisting elements (i.e., shear walls, bracing, or eccentric bracing) as discussed in Sec. 3.4.



Relative Merits. The most cost-effective alternative for increasing the capacity of the existing beams and columns in a concentrically braced frame system is to add cover plates to or box the flanges (Technique 1). The effort involved in adding cover and box plates includes removing the existing fireproofing and nonstructural obstructions. Jacketing of existing members with reinforced concrete (Technique 2) would seldom be cost-effective due to the significant forming effort required. The relative merits of reducing the loads by providing supplemental members is discussed in Sec. 3.3.1.2.



33.2 ROD OR OTHER TENSION BRACING 33.2.1 Deficiencies The principal deficiencies of rod or other tension bracing systems are: *



Inadequate tension capacity of the rod, tensile member, or its connection and



*



Inadequate axial capacity of the beams or columns in the bracing system.



33.2.2 Strengthening Techniques for Tension Capacity Techniques. Deficient tension capacity of the rod or other tension member and its connection can be improved by.



1.



Increasing the capacity by strengthening the existing tension members.



2.



Increasing the capacity by removing the existing tension members and replacing with new members of greater capacity.



3.



Increasing the capacity by removing the existing tension member and replacing it with diagonal or X-bracing capable of resisting compression as well as tension forces.



4.



Reducing the forces on the existing tension members by providing supplemental vertical-resisting elements (i.e., additional tension rods) as discussed in Sec. 3.4.



Relative Merits. Tension bracing is commonly found in light industrial steel frame buildings including some designed for prefabrication. The most common deficiency is inadequate tensile capacity in the tension rods. These rods generally are furnished with upset ends so that the effective area is in the body of the rod rather than at the root of the threads in the connection. It therefore is rarely feasible to strengthen a deficient rod (Technique 1); hence, correction of the deficiency likely will require removal and replacement with larger rods (Technique 2), removal of existing tension bracing and replacement with new bracing capable of resisting tension
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and compression (Technique 3), or installation of additional bracing (Technique 4). When replacing existing tension braces with new braces capable of resisting tension and compression it is good practice to balance the members (i.e., design the system such that approximately the same number of members act in tension as in compression). Increasing the size of the bracing probably will require strengthening of the existing connection details and also will be limited by the capacity of the other members of the bracing system or the foundations as discussed above for ordinary concentric bracing. The effectiveness of replacing the tension bracing with members capable of resisting compression forces depends on the length of the members and the need for secondary members to reduce the unbraced lengths. Secondary members may interfere with existing window or door openings. The most cost-effective technique for correction of the deficiency probably will be to provide additional bracing (Technique 4) unless functional or other nonstructural considerations (e.g., obstruction of existing window or door openings) preclude the addition of new bracing.



3.3.2.3 Strengthening Techniques for Beam or Column Capacity Techniques. Deficient axial capacity of the beams or columns of the bracing systems can be improved by: 1.



Increasing the axial capacity by adding cover plates to or by boxing the existing flanges.



2.



Reducing the forces on the existing columns or beams by providing supplemental vertical-resisting elements (i.e., braced frames or shear walls) as discussed in Sec. 3.4.



Relative Merits. Reinforcing the existing beams or columns with cover plates or boxing the flanges generally is the most cost-effective alternative. If supplemental braces or shear walls are required to reduce stresses in other structural components such as the tension rods or the diaphragm, the addition of supplemental vertical-resisting elements may be a viable alternative.



3.33 ECCENTRIC BRACING 333.1



Deficiency



The primary deficiency of an eccentrically braced frame system is likely to be nonconformance with current design standards because design standards for such elements did not exist earlier than about 1980. Eccentric bracing in older buildings may not have the desired degree of ductility.



33.3.2 Strengthening Techniques for Eccentric Braced Frames Techniques. An existing eccentrically braced frame system can be brought into conformance with current design standards by ensuring that the system is balanced (i.e., there is a link beam at one end of each brace), the brace and the connections are designed to develop shear or flexural yielding in the link, the connection is a full moment connection where the link beam has an end at a column, and lateral bracing is provided to prevent out-of-plane beam displacements that would compromise the intended action. Alternatively, the loads on the existing eccentrically braced frame can be reduced by providing supplemental vertical-resisting elements such as additional eccentrically braced frames. Relative Mefits. The use of engineered eccentric bracing is a relatively recent innovation (within about 10 years) that can provide the rigidity associated with concentric bracing as well as the ductility associated with moment frames. The recommended design of these frames precludes compressive buckling of the brace members by shear yielding of a short portion of the horizontal beam (the link beam). If the brace is in a diagonal configuration, the yielding occurs in the horizontal beam between the brace connection and the adjacent column; if it is in a chevron configuration, the yielding occurs in the beam between the two brace connections.
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Because this system is relatively new, a deficiency in the lateral load capacity reflects either improper design or upgraded design criteria. A properly designed eccentric bracing system balances the yield capacity of the horizontal link beam against the buckling capacity of the brace beam. It usually is not cost-effective to strengthen the members of this bracing system unless it is necessary to correct a design defect (e.g, if the brace has been over designed, the shear capacity of the horizontal beam can be increased by adding doubler plates to the beam web provided other members of the system have adequate additional capacity). Usually it will be necessary to add additional bracing. It should be noted, however, that although eccentric bracing is a desirable supplement to an existing concentric bracing system, concentric bracing is not desirable as a supplement to an existing eccentric bracing system. The proper functioning of an eccentric bracing system requires inelastic deformations that are not compatible with concentric bracing; the introduction of a ductile element (eccentric bracing) into an existing "brittle" system (concentric bracing) is beneficial, but the reverse procedure is not the case. The addition of shear walls to an existing eccentric bracing system also is usually not effective because of their greater rigidity. Thus, the most cost-effective procedure for increasing the capacity of an existing eccentric bracing system probably will be to provide additional eccentric bracing.



3A VERTICAL-RESISTING ELEMENTS--ADDING SUPPLEMENTAL MEMBERS The lateral seismic inertial forces of an existing building are transferred from the floors and roofs through the vertical-resisting elements (i.e., shear walls, braced frames and moment frames) to the foundations and into the ground. The forces in the individual shear walls, braced frames, and moment frames are a function of the weight and height of the building plus the number, size, and location of the elements. By adding new vertical elements to resist lateral forces, the forces in the existing elements will be modified and generally will be reduced. Thus, the addition of supplemental vertical elements that will resist lateral loads can be a means to correct existing elements that are overstressed. The purpose of this section is to discuss the benefits and the problems associated with adding supplemental vertical-resisting elements to an existing building so that comparisons with other rehabilitation techniques such as strengthening overstressed members or reducing demand can be placed in perspective. The two general categories of supplemental vertical-resisting elements are in-plane supplemental elements and new bay supplemental elements. The two categories are schematically portrayed in Figure 3.4. The introduction of new in-plane supplemental elements into a building will primarily reduce the forces on the existing vertical elements in the plane where the new element is added. Forces on other vertical-resisting elements, diaphragms, and the connections between them will be modified to a lesser degree depending on the relative rigidities of the vertical elements and the diaphragms. All wood and some steel deck diaphragms may be considered "flexible"when used with masonry or concrete shear walls. Straight laid sheathing may be "flexible" with any type of construction, but plywood sheathed diaphragms may be considered rigid with wood frame walls or light steel frame construction. Where diaphragms are flexible, the addition of a supplemental vertical element in the plane of existing vertical elements will have essentially no effect on the forces in vertical elements located in other bays or on the diaphragms or the connections between the diaphragms and the vertical-resisting elements. On the other hand, the introduction of new vertical bay supplemental elements, will reduce the forces on all the elements--existing vertical elements, diaphragms, foundations, and the connections between them. The reduction in forces will be proportional to the relative rigidity of the vertical elements when the building has a rigid diaphragm and will be proportional to the tributary areas associated with the vertical-resisting elements when the building has a flexible diaphragm. The effect of adding in-plane supplemental elements or new bay supplemental elements on the lateral-force distribution of an existing building needs to be evaluated when considering whether to add new vertical elements or to strengthen existing members to reduce demand on bracing elements.
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in-plane supplemental strengthening



(N) diagonal braces (E) diagonal braces



supplemental strengthening of new bay FIGURE 3.4 Examples of supplementary strengthening. 3.4.1



RELATIVE COMPATIBILITY



The effectiveness of supplemental vertical-resisting elements in reducing forces on overstressed components is dependent on the stiffness, strength, and ductility compatibility of the existing vertical-resisting elements relative to the new vertical elements. Stiffness compatibility is particularly important. A moment frame, for example, is relatively flexible in the lateral direction. New supplemental moment frames, shear walls, or braced frames can be added to an existing moment frame structure. The loads that will be transferred to the supplemental elements will be in proportion to their relative stiffness (for a rigid diaphragm) and, therefore, a shear wall or braced frame added to a moment frame structure will resist a significant portion of the lateral load. If the existing vertical-resisting elements are concrete shear walls, supplemental moment frames generally would be ineffective because of the large degree of wall stiffness. Structures responding to large earthquakes will behave inelastically, hence the sequence in which different elements yield and the ability of the elements to continue to function in the post yield condition (i.e., their ductility) will affect the dynamic response of the structure. Weaker elements that yield become more flexible resulting in a redistribution of forces. Ductile elements will continue to participate in absorbing energy and resisting forces after yielding. Structures with elements having compatible strengths and ductility will behave better and more predictably than structures with elements of different strength and ductility.
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3A.X EXTERIOR SUPPLEMENTAL ELEMENTS The construction of exterior supplemental moment frames, shear walls, or braced frames has many advantages. Exterior elements can be as effective in reducing loads on other elements as interior elements; yet, construction may be significantly less costly and access for equipment and materials will be significantly easier than for interior construction. Perhaps the single biggest advantage of exterior (N) collector supplemental elements is that disruption of the functional use of the interior of the building will be minimized both during and after construction. Figure 3.4.2 shows the addition of an exterior supplemental concrete shear wall to an existing concrete or masonry building. Steel structures also can be used as buttresses. There are, however, inher(E) reinforced ent problems in constructing concrete or supplemental exterior shear unreinforced walls, braced frames, and momasonry wall ment frames. Many buildings (N) tension tie to / , do not have the necessary space building each side to accommodate exterior strucof buttress ' I tures due to the location of adjacent buildings or property (N) concrete, masonry lines. New exterior elements buttress wall or1 ()steel L also may significantly affect the (N) piles or caissons I architectural aesthetics of the if required exterior of the building.



Supplemental



elements



generally will require a signifi- FIGURE 3.4.2 Example of supplemental in-plane strengthening by the cant capacity to resist overturn- addition of an external buttress. ing forces. Elements away from the building (e.g., the end of a buttress wall) will not be able to mobilize the dead weight of the building to resist the overturning forces, and significant uplift capacity therefore may be required in the new foundation. The construction of exterior elements also does not preclude the need for interior construction. A load path must be provided to transfer forces from the existing building elements to the new external vertical-resisting elements. This usually necessitates the construction of collectors on the interior of the building.



3.4.3 INTERIOR SUPPLEMENTAL ELEMENTS The construction of interior supplemental moment frames, shear walls, or braced frames will involve significant disruption of the functional operation of the building. Existing architectural coverings will need to be removed and new foundations constructed along with the new frame or wall and necessary collectors. It usually is desirable to locate new walls or frames along existing framing lines (i.e., framing into existing columns and beams) in order to provide boundary members, collectors, and dead load to help resist overturning forces while taking advantage of existing column foundations. Figure 3.4.3 shows the addition of a supplemental reinforced concrete shear wall on the interior of an existing concrete building. It should be noted that all concrete pours are subject to consolidation and shrinkage and, in this detail, the concrete may sag away from the underside of 45



the concrete slab. This condition may be improved with proper mix design for low shrinkage or, alternatively, the lower wall can be made in two pours 48 hours apart. The initial pour would be up to about 18 inches from the slab soffit to allow sufficient space to form shear keys and to clean and prepare the surface for the following pour to the top of the slab. Functional considerations likely will dictate the location of interior supplemental elements. This is particularly the case with shear walls or braced frames that will significantly break up the interior space.
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FIGURE 3A.3 Connection of a supplemental interior shear wall.



3.5 DIAPHRAGMS Diaphragms are horizontal subsystems that transmit lateral forces to the vertical-resisting elements. Diaphragms typically consist of the floors and roofs of a building. In this handbook, the term "diaphragm" also includes horizontal bracing systems. There are five principal types of diaphragms: timber diaphragms, concrete diaphragms, precast concrete diaphragms, steel decking diaphragms, and horizontal steel bracing. Inadequate chord capacity is listed as a deficiency for most types of diaphragms. Theoretical studies, testing of diaphragms, and observation of earthquake-caused building damage and failures provide evidence that the commonly used method of determining diaphragm chord force (i.e., comparing the diaphragm to a flanged beam
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and dividing the diaphragm moment by its depth) may lead to exaggerated chord forces and, thus, overemphasize the need for providing an "adequate" boundary chord. Before embarking on the repair of existing chord members or the addition of new ones, the need for such action should be considered carefully with particular attention to whether the beam analogy is valid for calculating chord forces in the diaphragm under consideration. Since few diaphragms have span-depth ratios such that bending theory is applicable, the capacity of the diaphragm to resist the tensile component of shear stress could be compared with tensile stresses derived from deep beam theory. In analyzing diaphragms by beam theory, chords provided by members outside of the diaphragms but connected to their edges may be considered and may satisfy the chord requirement.



3.5.1 TIMBER DIAPHRAGMS 3.5.1.1



Deficiencies



Timber diaphragms can be composed of straight laid or diagonal sheathing or plywood. deficiencies in the seismic capacities of timber diaphragms are: *



Inadequate shear capacity of the diaphragm,



*



Inadequate chord capacity of the diaphragm,



*



Excessive shear stresses at diaphragm openings or at plan irregularities, and



*



Inadequate stiffness of the diaphragm resulting in excessive diaphragm deformations.



The principal



3.5.12 Strengthening Techniques ror Inadequate Shear Capacity Techniques. Deficient shear capacity of existing timber diaphragms can be improved by: 1.



Increasing the capacity of the existing timber diaphragm by providing additional nails or staples with due regard for wood splitting problems.



2.



Increasing the capacity of the existing timber diaphragm by means of a new plywood overlay.



3.



Reducing the diaphragm span through the addition of supplemental vertical-resisting elements (i.e., shear wall or braced frames) as discussed in Sec. 3.4.



Relative Merits. Adding nails and applying a plywood overlay (Techniques 1 and 2) require removal and replacement of the existing floor or roof finishes as well as removal of existing partitioning, but they generally are less expensive than adding new walls or vertical bracing (Technique 3). If the existing system consists of straight laid or diagonal sheathing, the most effective alternative is to add a new layer of plywood since additional nailing typically is not feasible because of limited spacing and edge distance. Additional nailing usually is the least expensive alternative, but the additional capacity is still limited to the number and capacity of the additional nails that can be driven (i.e., with minimum allowable end distance, edge distance, and spacing). The additional capacity that can be developed by plywood overlays usually depends on the capacity of the underlying boards or plywood sheets to develop the capacity of the nails from the new overlay. Higher shear values are allowed for plywood overlay when adequate nailing and blocking (i.e., members with at least 2 inches of nominal thickness) can be provided at all edges where the plywood sheets abut. Adequate additional capacity for most timber diaphragms can be developed using this technique unless unusually large shears need to be resisted. When nailing into existing boards, care must be taken to avoid splitting. If boards are prone to splitting, pre-drilling may be necessary. The addition of shear walls or vertical bracing in the interior of a building may be an economical alternative to strengthening the diaphragms particularly if the additional elements can be added without the need to
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strengthen the existing foundation. The alternative methodology described in Sec. 3.2.3.3 emphasizes control of the existing diaphragm response by cross walls or shear walls rather than by strengthening and, in that methodology, the shear transmitted to the in-plane walls is limited by the strength of the diaphragm. Although the methodology was developed for buildings with unreinforced masonry walls and flexible timber diaphragms, the above diaphragm provisions are considered to be generally applicable for timber diaphragms in buildings with other relatively rigid wall systems. When additional bracing or interior shear walls are required, relative economy depends on the degree to which ongoing operations can be isolated by dust .nd noise barriers and on the need for additional foundations. 3.5.1.3 Strengthening Techniques for Inadequate Chord Capacity Techniques.



1.



Deficient diaphragm chord capacity can be improved by



Providing adequately nailed or bolted continuity splices along joists or fascia parallel to the chord (Figure 3.5.1.3).



2.



Providing a new continuous steel chord member along the top of the diaphragm.



3.



Reducing the stresses on the existing chords by reducing the diaphragm's span through the addition of new shear walls or braced frames as discussed in Sec. 3.4.



Relative Merits. Wood diaphragms typically are constructed with minimal capacity to resist chord forces. Bottom



wall plates nailed into the plywood are not spliced but butted; hence, the chord capacity provided at the bottom plate joints will be minimal. If the nailing between the bottom plate and the plywood is sufficient to transfer chord forces, splicing the top plate can be a means to provide this chord capacity. Steel straps can be nailed across the butted joint to provide this splice capacity, but notching of the bottom of some of the wood studs may be necessary to install the splice plates. Another alternative is to utilize the double top plates on the wall below the diaphragm as the chord member. The double top plates typically are lapped and nailed. With sufficient lap nailing, the chord capacity of one plate can be developed if an adequate path for shear transfer is provided between the diaphragm and the top plates. This load path can be provided by nailing such as that shown in Figure 3.5.1.3. New or existing nailing needs to be verified or provided between the diaphragm sheathing, the edge blocking, the exterior sheathing, and the top plates. Simplified calculations to determine stresses in diaphragm chords conservatively consider the diaphragm as a horizontal beam and ignore the flexural capacity of the web of the diaphragm as well as the effect of the outof-plane shear walls that reduce the chord stresses. However, even though the chord requirements in some buildings may be overstated, in most buildings a continuous structural element is required at diaphragm boundaries to collect the diaphragm shears and transfer them to the individual resisting shear walls along each boundary (see Sec. 3.7.1). A continuous steel member along the top of the diaphragm may be provided to function as a chord or collector member. For existing timber diaphragms at masonry or concrete walls, the new steel members may be used to provide wall anchorage as indicated in Figure 3.7.1.4b as wall as a chord or collector member for the diaphragm shear forces. The lack of adequate chord capacity is seldom the reason why new shear walls or braced frames (Technique 3) would be considered to reduce the diaphragm loads. Reducing the diaphragm span and loads through the introduction of new vertical-resisting elements, however, may be considered to address other member deficiencies and, if so, the chord inadequacy problem also may be resolved.
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building.



3.5.1A Strengthening Techniques for Excessive Shear Stresses at Openings or Plan Irregularities Techniques. Excessive shear stresses at diaphragm openings or other plan irregularities can be improved by: 1.



Reducing the local stresses by distributing the forces along the diaphragm by means of drag struts (Figures 3.5.1.4a and 3.5.1.4b).



2.



Increasing the capacity of the diaphragm by overlaying the existing diaphragm with plywood and nailing the plywood through the sheathing at the perimeter of the sheets adjacent to the opening or irregularity.



3.



Reducing the diaphragm stresses by reducing the diaphragm spans through the addition of supplemental shear walls or braced frames as discussed in Sec. 3.4.



Relative Merits. The most cost-effective way to reduce large local stresses at diaphragm openings or plan irregularities is to install drag struts (Figures 3.5.1.4a and 3.5.1.4b), to distribute the forces into the diaphragm
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(Technique 1). Proper nailing of the diaphragm into the drag struts is required to ensure adequate distribution of forces. Local removal of roof or floor covering will be required to provide access for nailing.
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Relative Merits. Early precast concrete wall construction frequently had minimal lateral connection capacity at the foundation. These connections usually can be strengthened most economically by attaching a steel member to the wall and the floor slab or foundation with drilled and grouted anchors or expansion bolts (Technique 1). Care must be taken to place bolts and/or dowels a sufficient distance away from concrete edges to prevent spalling under load. A more costly alternative involves thickening the precast wall with a minimum of 4 inches of new reinforced concrete, either cast-inplace or shotcrete. The new concrete must be anchored to the precast wall and must extend above the base of the wall high enough to develop new dowels drilled into the foundation. The existing foundation then must be checked for the additional load.



Strengthening of a precast concrete wall to foundation



Strengthening Techniques for Hold-down Capacity



Techniques. Deficient hold-down capacity of the connections of precast concrete shear walls to the foundation can be improved by: 1.



Increase the hold-down capacity by removing concrete at the edge of the precast unit to expose the reinforcement, provide new drilled and grouted dowels into the foundation, and pour a new concrete pilaster.



2.



Reduce the uplift forces by providing supplemental vertical-resisting elements such as shear walls or braced frames as discussed in Sec. 3.4.
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Relative Merits. Deficient hold-down capacity of precast units usually will occur when one unit or a part of one unit is required to resist a significant share of the seismic load. If the wall has sufficient bending and shear capacity, then increasing the hold-down capacity using Technique 1 is usually the most cost-effective. When a wall is comprised of a number of solid (i.e., nd significant openings) precast panels, the overturning forces generally will be minimal provided there is adequate vertical shear capacity in the connection between the edges of adjacent panels. In this case, the connections must be checked and, if necessary, strengthened as described in Sec. 3.2.2. Technique 2 usually is a viable approach only if it is being considered to correct other component deficiencies. When excessive uplift forces are due to inadequate vertical shear capacity in the vertical connections between adjacent precast units, strengthening of those connections (see Sec. 3.2.2) will reduce the uplift forces.



3.8A CONNECTION OF BRACED FRAMES 3.8A.1



Deficiencies



The principal deficiencies of the connections of steel braced frames to the foundation are: *



Inadequate shear capacity and



*



Inadequate uplift resistance.



3.8A.2 Strengthening Techniques for Shear Capacity Techniques. Deficient shear capacity of the connections of steel braced frames to the foundations can be improved by:



1.



Increasing the capacity by providing new steel members welded to the braced frame base plates and anchored to the slab or foundation with drilled and grouted anchor bolts.



2.



Reducing the shear loads by providing supplemental steel braced frames as discussed in Sec. 3.4.



Relative Merits. The first alternative generally will be the most cost-effective provided the existing slab or foundation can adequately resist the prescribed shear. Steel collectors welded to the existing steel base plates may be necessary to distribute the shear forces into the slab or foundation. If the existing foundation requires strengthening to provide adequate shear capacity, determining the most cost-effective alternative requires comparing the effort necessary to construct a reinforced concrete foundation to the effort and disruption of functional space required to install supplementary shear walls and their associated foundations and collectors.



3.8.43 Strengthening Techniques for Uplift Resistance Techniques. Deficient uplift resistance capacity of the connections of steel braced frames to the foundations can be improved by: 1.



Increasing the capacity by providing new steel members welded to the base plate and anchored to the existing foundation.



2.



Reducing the uplift loads by providing supplemental steel braced frames as discussed in Sec. 3.4.



Relative Merits. Inadequate uplift resistance capacity of a steel braced frame seldom results just because of deficient connection to the foundation but is typically a concern reflecting the uplift capacity of the foundation itself. If the foundation is the concern, the techniques discussed in Sec. 3.6 can be considered to correct the
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problem. If, in fact, the deficiency is the connection, Technique 1 (providing new connecting members) will be the most economical.



3.8.5 CONNECTIONS OF STEEL MOMENT FRAMES 3.8.5.1 Deficiencies



The principal deficiencies of the connection of a moment frame column to the foundation are: *



Inadequate shear capacity,



e



Inadequate flexural capacity, and



o



Inadequate uplift capacity.



3.8.5.2 Strengthening Techniques for Shear, Flexural, and Uplift Capacity Techniques. The techniques for strengthening steel moment frame column base connections to improve shear and flexural capacity also will likely improve the uplift capacity. For this reason a combination of the following alternatives may be utilized to correct a deficient column base connection: 1.



Increasing the shear capacity by providing steel shear lugs welded to the base plate and embedded in the foundation.



2.



Increasing the shear and tensile capacity by installing additional anchor bolts into the foundation.



3.



Increasing the shear capacity by embedding the column in a reinforced concrete pedestal that is bonded or embedded into the existing slab or foundation.



Relative Merits. While it may be possible to strengthen the column and to stiffen the base plate against local bending, it usually is not practical to increase the size of the base plate or the number of anchor bolts without removal and replacement of the base plate. The horizontal column shears may be transferred to the column footing by shear lugs between the base plate and the footing and/or shear in the anchor bolts (Technique 1) and to the ground by passive pressure against the side of the footing. If the column base connection is embedded in a monolithic concrete slab, the slab may be considered for distribution of the shear to the ground by means of any additional existing footings that are connected to the slab. If the column is not embedded in the slab, the same affect can be achieved by adding a concrete pedestal (Technique 3). The interference of this pedestal with the function and operations of the area is an obvious drawback.



3.9 ADDING A NEW SUPPLEMENTAL SYSTEM Consideration of a new lateral-force-resisting system may be a cost-effective alternative for some seismically deficient structures. The extent of overstress of an existing structure may be such that strengthening the existing elements is very costly and adding supplemental vertical-resisting elements (as discussed in Sec. 3.4) becomes so extensive that an entirely new supplemental lateral-force-resisting system is the best way to resist the prescribed forces. Adding a new supplemental lateral-force-resisting system also may be the most cost-effective alternative when preservation of architectural features is of utmost importance, (e.g., in a historical monument).
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39.1 SUPPLEMENTAL BRACED FRAME SYSTEM Moment frame buildings that have insufficientlateral resistance can be converted to a braced frame system. This retrofit can add substantial lateral capacity with a minimum of additional weight. Changing a moment frame to a braced frame also will significantly reduce drifts and, hence, architectural damage. Buildings with weak shear walls (either wood or unreinforced masonry) also have been strengthened using steel braced frames. Figure 3.9.1 shows the central storeroom at Lawrence Berkeley Laboratory in Berkeley, California, in which an X-braced steel frame was used to strengthen the structure. The principal disadvantages of adding braced frames are the potential change in the architectural character and the potential obstruction of accessways and window views. Additionally, the conversion of moment frames to braced frames may increase demand on and consequently necessitate an upgrade of the existing foundation.



FIGURE 3.9.1 Seismic strengthening using a supplemental braced frame system.



3.92 NEW SHEAR WALL SYSTEM The addition of a new reinforced concrete shear wall system to an unreinforced masonry structure can meet the requirements for a seismic upgrade in certain cases. Margaret Jacks Hall on the Stanford University campus (Figure 3.923) is an example of a building for which preservation of the architectural character was a prime consideration. The existing unreinforced masonry was determined through testing to provide little lateral capacity. The exterior sandstone masonry was retained, and the interior was gutted. New concrete walls were pneumatically applied to the old masonry, and new floors, columns, and a roof were constructed. Another example of the need to preserve the historically significant architectural character of a building is the California State Capitol (Figure 3.9.2b). In essence, the existing stone facade was retained while new lateral- and (in large part) vertical-force-resisting systems were constructed.
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FIGURE 3.92 Seismic strengthening by providing a new shear wall system.
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3.93 STRUCTURAL ADDITIONS



A deficient building may be strengthened by a structural building addition that is designed to resist the seismic forces generated within the addition as well as all or a portion of the forces from the existing building. This alternative has the obvious advantage of generating additional useful space while upgrading the existing building.



IBM Building 12 in San Jose, California, is an example of an existing building bracketed by two new additions designed to carry the entire load (Figure 3.9.3). Few modifications to the interior of the existing building were required in this approach.



FIGURE 3.93 Seismic strengthening with a new building addition.
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4



DECREASING DEMAND ON EXISTING SYSTEMS



4.0 INTRODUCTION The design seismic forces (or demand forces) prescribed by most building codes generally are proportional to building weight and inversely proportional to the two-thirds power of the fundamental period of vibration of the building and to a response reduction factor that represents the capability of the structural system to absorb energy in the inelastic range of the building response. Within this context, the earthquake demand of a building may be reduced by reducing the weight of the building, increasing the fundamental period and the energy dissipating capacity of the structural system, or using alternate procedures.



4.1 REDUCING THE WEIGHT OF THE BUILDING In relatively low buildings (i.e., below 3 to 5 stories), reducing the weight of the building will result in a reduction of the seismic forces on the structural elements. Although a reduction in weight will decrease the fundamental period of vibration, the code-prescribed seismic force coefficient remains constant (i.e., is not affected by a change in fundamental period) for these buildings, so the reduction in the seismic forces is directly proportional to the weight reduction. For taller buildings (i.e., 6 to 10 stories), the reduction in the fundamental period resulting from a reduction in weight (i.e., the period is proportional to the square root of the weight) also will result in an increase in the seismic force coefficient. This increase will tend to offset the decrease associated with the reduction in weight. For very tall buildings (i.e., 20 stories or more), the effect of the fundamental period is minimal and the seismic forces are essentially proportional to the reduced weight. Techniques. Techniques that have been utilized to reduce weight include: 1.



Removing the upper stories of a building.



2.



Changing the use of the building (e.g., converting from heavy warehouse loading to office or residential use).



3.



Removing a heavy roof system and replacing it with a lighter assembly.



4.



Removing heavy appurtenances (i.e., parapets, balconies, water towers, or equipment).



Relative Merits. Removal of the upper stories is an effective technique for decreasing the earthquake demand on a building. As indicated above, this technique may be less effective for buildings of moderate height than it is for low or very tall buildings. An additional benefit associated with this technique is the reduction in gravity loads. Use of this technique will result in reduced forces on the existing vertical-load-resisting elements in the remaining stories and foundations thereby providing additional capacity for seismic forces. The primary disadvantage of this technique is the loss of usable space and the associated loss of rental income and resale value.



The American Iron and Steel Institute has written a minority opinion concerning this section; see page 193. 103



Changing the use of the building in order to eliminate heavy floor loads that contribute to the seismic force also is an effective technique to reduce the seismic demand. Since the ground floor and its tributary loads do not contribute to the building seismic forces, reducing the floor loads in the upper floors of a multi story building is most effective. This technique also reduces the forces on the vertical-load-resisting elements and, thus, increases the capacity of these elements for seismic forces. The elimination of heavy floor loads that are regarded as dead loads in seismic provisions will affect the fundamental period of the building in a manner similar to that discussed above for the removal of upper stories. Also as discussed above, the advantage of weight reduction may be partly offset for moderate height buildings by an increase in the seismic force level due to the period changes. An additional factor to be considered for this technique is whether the change in use or occupancy will trigger other building code requirements (e.g., fire protection, egress) that may be costly to meet. Removal and replacement of a heavy roof system is particularly effective in reducing the seismic demands on an existing one-story building. As the number of stories is increased, this technique becomes less effective and it is also subject to the limitations for moderate height buildings discussed above. Removal of heavy appurtenances has the same effects on seismic demand as discussed above for the removal of stories or the elimination of heavy floor loads.



4.2 INCREASING THE FUNDAMENTAL PERIOD AND THE ENERGY DISSIPATING L SYSTEM CAPACITYOF THE STRUCT By increasing the fundamental period of vibration of some structures, the seismic demand can be decreased. The most effective method for increasing the fundamental period of the building system without modification of the structural system of the building is by introduction of seismic isolators at the base of the building. The seismic isolators can increase the effective fundamental period of the system, thus reducing the base shear of the structural system of the building; energy dissipation also can be included within the isolator system. In addition to seismic isolation, energy dissipation devices may be added to the structural system. The energy dissipation system increases the system damping and modifies the building response and provides the equivalent of increasing the value of the response modification factor, R. Techniques. The response reduction factor (i.e., energy dissipating capacity) applicable to an existing building can be increased by:



1.



Modifying the existing structural systems,



2.



Supplementing the existing structural systems, or



3.



Replacing the existing structural systems.



Relative Merits. Modification of an existing structural system to improve its energy absorbing capacity is seldom



feasible except in the case of an ordinary steel moment frame. In this case, it may be possible to upgrade the frame to a special moment frame or to the minimum frame requirements for a dual system in conjunction with existing shear walls. Similarly, removal and replacement of an existing structural system seldom will be economically feasible unless dictated by other than engineering considerations (e.g., complete architectural retrofit of the exterior of the building). A possible exception to this statement could occur in existing steel frame buildings with concentric steel bracing or unreinforced masonry infill walls. In these cases, it may be feasible to remove the bracing or the infill walls and install eccentric bracing or reinforced concrete shear walls. Supplementing the existing structural system is, by far, the most common technique for seismic strengthening and, in many cases, it is possible to reduce the seismic demand by improving the energy absorption characteristics of the combined system.
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4.3 ALTERNATE PROCEDURES The NEHRP Recommended Provisions as well as model building codes provide for approval of alternative procedures that can be demonstrated to be equivalent to code-prescribed procedures concerning strength, durability, and seismic resistance. In recent years, several innovative alternative procedures for the reduction of seismic demand have been subjected to analytical and experimental research and have seen limited application in both new and existing buildings. These procedures include: *



Seismic isolation techniques and



*



Supplemental damping techniques.



43.1 SEISMIC ISOLATION Techniques. Base isolation is a generic term for procedures whereby the response characteristics of a building are altered by the introduction of devices or special construction at the base of the building. The discussion here is confined to the use of base isolation to reduce seismic demand by lengthening the fundamental period of vibration of an existing building. Relative Mefits. Most base isolation devices are capable of developing a fundamental period of about 2 seconds. This can effectively reduce the seismic demand for buildings founded on rock or firm soils that have a natural fundamental period of about 1 second or less ( i.e., buildings less than about 10 stories). Base isolation may be detrimental to buildings founded on very soft soils where a 2 second period base-isolated building may be in resonance with similar periods in the ground motion transmitted by the soft soils. Implementation of base isolation for existing buildings usually will require that the building be underpinned for the installation of base isolation pads. A competent diaphragm also is required above the isolation pads to distribute the lateral forces and, for existing buildings, a new concrete slab generally has been provided to serve this purpose. Finally, provision must be made to accommodate the large displacement of the isolation pad; this usually is done by providing both adequate clearance around the building to accommodate this displacement and sliding or flexible connections for all utilities and services to the building.



43.2 SUPPLEMENTAL DAMPING Techniques. Structural damping may be defined as an internal energy absorption characteristic of a structural system that acts to attenuate induced free vibration. Damping is commonly expressed as a percentage of critical damping. A zero damped elastic system, when displaced, theoretically would vibrate continuously at its natural period and at the same amplitude. A critically damped structure when displaced would return to its original position without vibration. Damping also tends to reduce the dynamic amplification of vibration particularly when the period of the building is in resonance with the ground motion. The seismic provisions in most building codes are based on 5 percent of critical damping as being representative of most building structures. The upper limit of the required seismic forces, before division by the response reduction factor, assumes dynamic amplification of the ground motion by a factor of 2 to 2.5 depending on the soil conditions. If the structure can develop 20 percent damping, the above amplification (and the displacements) would be reduced by one-half. The various concepts that have been proposed for providing supplementary damping are: *



Viscous damping,



*



Friction damping, and



*



Natural yield damping.
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Viscous damping involves taking advantage of the high flow resistance of viscous fluids. A simple shock absorber like that on an automobile is one example. Other devices such as a pair of flat plates with viscous fluid between them have been proposed. Shock absorbers have been implemented in connection with nuclear power plant piping systems but they have proved to be very high maintenance cost items. Friction between dry surfaces produces a constant force, always opposed to the direction of motion, that is proportional to the contact force between the surfaces and the coefficient of friction of the materials. A number of friction damping devices usually associated with diagonal bracing in buildings, have been proposed. Major concerns with friction dampers in connection with the long-term periods between earthquakes are ensuring that the contact forces between the sliding surfaces do not change and ensuring that the coefficient of friction does not change. Natural yield damping of structural elements in buildings (e.g., beams) has long been recognized as providing added damping to structures. Material yielding is very commonly used in earthquake engineering in conjunction with the ductility, seismic isolation, and supplemental damping concepts of design. In recent years, a variety of mechanical devices that incorporate the yielding deformation of mild steel to provide supplemental damping have been implemented in earthquake-resistant designs of buildings and other structures. Mild steel bars in torsion and cantilevers in flexure have been developed, tested, and installed in buildings and bridges. Similarly, lead shear and lead extrusion devices also have been developed. The application of supplemental damping in the seismic rehabilitation of existing buildings is the benefits and problems of the various alternatives have not been thoroughly investigated. hence, in its infancy; In general, devices that involve material yielding as the means for increasing energy dissipation or damping can be regarded as being very reliable. Mild steel and lead are very stable materials with predictable yield deformation characteristics. Irrespective of the type of damping involved, the installation in buildings of devices commonly proposed thus far in connection with supplemental damping involves distributing the devices throughout a structure. The seismic response of a damped building would be similar to that of a conventional building. This is in contrast to the seismic isolation concept where virtually all of the relative displacement occurs at the isolation level. Change in period of vibration and stiffness associated with material yield damping can be significant depending on the ground motion demand and the elastic strength of the damper. Practical supplemental damping devices that involve material yielding generally result in a reduction of stiffness during earthquake -response and, thus, periods lengthen. Although the change in period may be of little importance, the change may result in decreased demand forces. The seismic analysis of buildings using supplemental dampers requires sophisticated nonlinear time-history analytical tools because of the yielding (i.e., inelastic) response requirements. Relative Merits.
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5



REHABILITATION OF NONSTRUCTURAL ARCIUTECTURALCOMPONENTS



5.0 INTRODUCTION Nonstructural architectural elements can be damaged in an earthquake, and some of this damage may result in life-threatening hazards. The two principal causes of architectural damage are differential motion and lack of component capacity: For example, the differential seismic displacement between stories (i.e., drift) can cause window breakage. Architectural cladding, such as a granite veneer, with insufficient anchorage capacity is an example of a component with a lack of capacity.



5.1 EXTERIOR CURTAIN WALLS Rigid nonductile curtain wall panels, (e.g., those constructed of precast concrete) attached to the exterior of a flexible structure (e.g., a steel moment frame) may have insufficient flexibility in their connections to the frame and insufficient spacing between panels to prevent damage due to racking. The connection details therefore may have to be modified to allow flexibility, and Figure 5.1a shows a typical connection detail that precast panel provides ductility and rotational : flo capacity. The panel is rigidly attached at the base and held ; beam with a flexible rod at the top. It ,nse/t/ usually is desirable to provide a Inser t rigid support at one end of each panel and to allow the other end to translate to accommodate the interstory deflection of the frame without racking of the panels.



Another common deficiency



gap



weld (t p)



is that the existing connections may not provide adequate freedom for accommodating the calculated horizontal and vertical story distortions. A feasiblet I remedy may be to remove the nser ro existing connections at one end .r of the panels and replace them with flexible rods (as indicated in Figure 5.1b) or with other connecting devices provided with adequate oversized and slotted FIGURE 5.1a Flexible connection for precast concrete cladding. holes. In implementing these techniques, the capacity of the modified connection for gravity loads and for out-of-plane seismic loads must be checked and strengthened if necessary.



107



Inserts or attachments secured to panel reinforcing



, Z-11X
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I



FIGURE 5.1b Detail for flexible connection for precast concrete cladding.



5.2 APPENDAGES Cornices, parapets, spandrels, and other architectural appendages that have insufficient anchorage capacity must be retrofitted to prevent damage and, most important, falling debris. Cornice anchorages can be strengthened by removing the cornice material, adding anchorages, and reinstalling the material. A technique that has been used in rehabilitating heavy and ornate cornice work is to remove the cornice and reconstruct it with adequate anchorage and new lighter material such as lightweight concrete or plaster. Parapets can be reduced in height so that the parapet dead load will resist uplift from out-of-plane seismic forces or they can be strengthened with shotcrete (Figure 5.2a) or braced back to roof framing (Figure 5.2b). All elements must be checked for their ability to sustain new forces imposed by the corrective measures.
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(E) masonry (N) shotcrete



(E) concrete floor



FIGURE 5.2a Strengthening a masonry parapet with a new concrete overlay.



(N) drilled and grouted bolt (E) masonry parapet (N) channel (N) brace (E) roof



FIGURE 5.2b Strengthening a masonry parapet with steel braces.
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5.3 VENEERS Stone and masonry veneers with inadequate anchorage should be strengthened by adding new anchors. Veneers typically must be removed and replaced for this process. Typical details for approved anchorage of masonry veneers are published by the Brick Institute of America.



5A PARTITIONS Heavy partitions such as those of concrete block may fail from excessive flexural stresses or excessive in-plane shear stress caused by interstory drifts. Such partitions should be retrofitted with connections like those shown in Figure 5.4a that restrain out-of-plane displacement and allow in-plane displacement. Alternatively, unreinforced masonry partitions can be removed and replaced with drywall partitions. Partitions that cross seismic joints should be reconstructed to allow for longitudinal and transverse movement at joints. Plaster or drywall partitions in office buildings generally need lateral support from ceilings or from the floor or roof framing above the partition. Steel channels are sometimes provided at the top of the partitions. The channels are attached to the ceiling or floor framing, they provide lateral support to the partition but allow vertical and longitudinal displacement of the floor or ceiling without imposing any loads to the partition. Partitions that do not extend to the floor or roof framing and are not laterally supported by a braced ceiling should be braced to the framing above (as indicated in Figure 5.4b) at a maximum of 12 foot spacing between braces. Hollow clay tile partitions occur in many existing buildings as corridor walls or as nonstructural enclosures for elevator shafts or stairwells. Hollow clay tile is a very strong but brittle material and it is very susceptible to shattering into fragments that could be hazardous to building occupants. In many cases it is not possible to isolate these partitions from the lateral displacements of the structural framing and, in those cases, it is advisable to consider either removal of these partitions and replacement with drywall construction or "basketing" of the potential clay tile fragments with wire mesh.
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FIGURE 5.4a Bracing an Interior masonry partition.
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.SAbBracing an interior masonry partition.
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5.5 CEILINGS Unbraced suspended ceilings can swing independently of the supporting floor and cause damage to the ceilings, particularly at the perimeters. Providing four-way (12-gage wire) diagonals and a compression strut between the ceiling grid and the supporting floor at no more than 12 feet on center and within 6 feet of partition walls will significantly improve the seismic performance of the suspended ceiling. Figure 5.5 shows a typical detail of the four-way diagonals and the compression strut. In addition to the braces, the connections between the main runners and cross runners should be capable of transferring tension loads. Lay-in ceilings are particularly vulnerable to the relative displacement of the supporting grid members. Splices and connections of the T-bar sections that comprise the grid may have to be stiffened or strengthened with new metal clips and self-threading screws.



(N) 12 gage wires (N) adjustable



compression struts to prevent vertical movement (E) main runner



FIGURE 5.5 Lateral bracing of a suspended ceiling.



5.6 LIGHTING FIXTURES Suspended fluorescent fixtures are susceptible to several types of seismic damage. Fixtures that are supported by suspended ceiling grids can lose their vertical support when the suspended ceiling sways and distorts under seismic shaking. Independent wire ties connected directly from each of the fixture corners (or at least diagonally opposite corners) to the structural floor above can be added to prevent the fixture from falling (Figure 5.6). Pendant-mounted fixtures often are supported by electrical wires. Wire splices can pull apart and allow the fixtures to fall. The fixtures also may swing and impact adjacent objects resulting in breakage and fallen fixtures.
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Safety wires can be installed to prevent the fixtures from falling and diagonal wires can prevent them from swaying. Some fixture manufacturers also provide threaded metal conduit to protect the wiring and to support the fixture as well as wire straps or cages that can be added to prevent the fluorescent tubes from falling away from the fixture if they become dislodged.



5.7 GLASS DOORS AND WINDOWS Seismic rehabilitation of glass windows and doors to prevent breakage may be a significant effort. Inadequate edge clearances around the glass to allow the building and, hence, the window frame to rack in an earthquake without bearing on the glass is the principal cause of breakage. Redesign (along with close installation inspection) of the frame and/or glazing to provide sufficient clearance is necessary to prevent seismic breakage. A technique suggested by Reiterman (1985) to reduce life-safety hazards from falling glass is to apply adhesive solar film to the windows. The film will hold together the glass fragments while also reducing heat and glare. The application of solar film to insulating glass may cause heat build-up inside the glass and the possible adverse effects of this build-up need to be considered since damage can result.
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5.8 RAISED COMPUTER ACCESS FLOORS Access floors typically are constructed of 2-foot by 2-foot wood, aluminum, or steel panels supported on adjustable column pedestals. The column pedestals frequently are fastened to the subfloors with mastic. Some assemblies have stringers that connect the top of the pedestals (Figure 5.8a) and others have lateral braces. When subjected to lateral loads, access floors typically are very flexible unless they are specifically designed to be rigid. This flexibility may amplify the ground motions such that equipment supported on the floor may experience significantly high displacements and forces. The high displacements also may cause connection failures that could precipitate a significant collapse of the floor. Existing floors can be rehabilitated by securing the pedestals to the subfloor with expansion anchors or by adding diagonal bracing to pedestals in a regular pattern (Figure 5.8b). Rehabilitated floors should be designed and tested to meet both a stiffness and a strength criterion.
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FIGURE 5.8b Strengthening of access floor
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6



REHABILITATION OF NONSTRUCUURAL MECHANICAL AND ELECTRICAL COMPONENTS



6.0 INTRODUCTION Nonstructural mechanical and electrical components are often vulnerable to seismic damage in moderate to large earthquakes. Damage to mechanical and electrical components can impair building functions that may be essential to life safety. This chapter presents common techniques for mitigating seismic damage of the following typical mechanical and electrical components: *



Mechanical and electrical equipment



*



Ductwork and piping



*



Elevators



*



Emergency power systems



*



Hazardous material storage systems



*



Communication systems



*



Computer equipment



6.1 MECHANICAL AND ELECTRICAL EQUIPMENT Large equipment that is unanchored or inadequately anchored can slide during an earthquake and damage utility connections. Tall, narrow units may also be vulnerable to overturning. Positive mechanical anchorages (Figure 6.1a) will prevent seismic damage. Electrical equipment frequently is tall and narrow and may overturn and slide, causing damage to internal instruments and utility connections. This type of equipment can be secured against sliding or rocking in many ways depending on the location of the units relative to adjacent walls, ceilings, and floors (Figure 6.1b). In all cases, the capacity of the wall to resist the seismic loads imposed by the connected equipment must be verified. Mechanical or electrical equipment located on vibration isolators may be particularly vulnerable to being shaken off the isolator supports. Rehabilitation to mitigate the potential for damage involves either replacing the vibration isolation units or installing rigid stops. Vibration isolation units that also provide lateral seismic resistance are available from isolator manufacturers and these units (Figure 6.1c) can be installed in place of the existing isolators. Alternatively, rigid stops designed to prevent excessive lateral movement of the equipment can be installed on the existing foundation (Figure 6.1d and e). A sufficient gap needs to be provided between the stop and the equipment to prevent the transmission of vibrations through the stops. Where equipment is tall relative to its width, stops in the vertical direction are required to prevent overturning. The equipment itself, its attachments to the isolators or support rails, and the rails themselves can be points of weakness that need to be assessed and strengthened where required.
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V(N)



typical angle



clips (N) weld



(E) transformer FIGURE 6.1a Typical detail of equipment anchorage.
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FIGURE 6.Ib Alternate details for anchoring equipment. 119



FIGURE 6.1b continued. 120



FIGURE 6.1c



Prefabricated vibration isolation assembly with



lateral seismic stops.
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(N) provide gap as required (E) vibration isolation assembly



(N) angles with resilient pads (N) anchor bolt FIGURE 6.1d Seismic restraints added to eidstng equipment with vibration Isolation.
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I (E) vibration isolation assembly (N) bar stock (N) channel with resilient pads
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