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 PREFACE
 
 This monograph is a compendium of invited papers that focus on the following two topics of much relevance to the seismic protection of reinforced concrete structures: (a) Energy concepts and damage models in seismic analysis and design (b) Analysis and seismic behavior of buildings with structural walls. The papers are intended to set the stage for an assessment of the state-oftheknowledge and the identification of future research and implementation needs on these two topics. They form the basis for discussions to take place at a workshop scheduled for summer 1992 and for recommendations to be developed and communicated to the research and design communities in a follow-up publication. It is hoped that both this monograph and the workshop will make a contribution to the achievement of the aims of the International Decade for Natural Disaster Reduction (IDNDR). The two topics were selected because of their importance in seismic design and the need for an evaluation and dissemination of recent advances in these areas. It has long been recognized that energy input, absorption, and dissipation are the most fundamental quantities controlling seismic performance. Already in late fifties G.W.Housner proposed “a limit design type of analysis to ensure that there was sufficient energy-absorbing capacity to give an adequate factor of safety against collapse in the event of extremely strong ground motion”. In 1960 John A.Blume, in his classical paper on the Reserve Energy Technique
 
 vi
 
 (2WCEE), states that “with the procedures outlined, the anomalies of a great deal of apparently baffling earthquake history can be explained as can the gap between elastic spectral data and the capacity to resist earthquakes”. However, to this day, energy concepts have been ignored in earthquake resistant design because of apparent complexities in the quantification of energy demands and capacities and their implementation in the design process. The papers presented in the first part of this monograph illustrate how energy terms together with cumulative damage models can be utilized to provide quantitative information useful for damage assessment and design. It is hoped that a study of these papers leaves the reader with the impression that energy-based design is a viable concept, but it is also recognized that much more work needs to be done in order to simplify energy-based design to a level that makes it useful for design practice. In many countries extensive use is made of structural walls (shear walls) to increase the strength and stiffness of lateral load resisting systems. Recent earthquakes have often indicated better performance of multistory buildings containing structural walls compared to buildings whose structural system consists of frames alone. Clearly, this observation cannot be generalized since seismic performance is affected greatly by wall layout, strength, and detailing, as well as by the primary deformation mode (bending versus shear). Although the great importance of walls in seismic performance has long been recognized, mathematical modeling of the nonlinear static and dynamic response of structures containing walls is only in the development stage. The second part of this monograph addresses important design and modeling problems for structural walls and buildings that rely on the participation of walls in seismic resistance. The papers illustrate the complexity of the problems but also propose solution techniques intended to contribute to a more accurate prediction of the seismic behavior of buildings containing structural walls. This monograph discusses selected issues of importance in the seismic design of reinforced concrete buildings. It lays no claim to providing final solutions to any of the problems investigated and probably raises more questions than it answers. Its purpose is to form a basis for discussion on the state-of-theknowledge and research and implementation needs. Readers are encouraged to communicate their comments to the authors or the co-editors for consideration at the workshop for which these papers were written and which is scheduled for July 1992. We are deeply indebted to the authors who have written original and thoughtful contributions to this monograph and have made commitments to participate in an international workshop in Bled near Ljubljana. This workshop was scheduled originally for June 1991 but has been postponed until summer of 1992. We are also much indebted to Elsevier Science Publishers Ltd who have
 
 vii
 
 generously agreed to make these publications available to the interested readers in a timely manner. Sponsorship for the workshop for which these papers were written is provided by the U.S.-Yugoslav Joint Fund for Scientific and Technical Cooperation in conjunction with the U.S. National Science Foundation, the U.S. National Institute of Standards and Technology, the Ministry for Science and Technology of the Republic of Slovenia, and the Slovenian Academy for Sciences and Arts. Peter Fajfar Professor of Structural and Earthquake Engineering University of Ljubljana Ljubljana, Slovenia Helmut Krawinkler Professor of Civil Engineering Stanford University Stanford, California, U.S.A.
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 Energy concepts and damage models
 
 ISSUES AND FUTURE DIRECTIONS IN THE USE OF AN ENERGY APPROACH FOR SEISMIC-RESISTANT DESIGN OF STRUCTURES VITELMO V.BERTERO Nishkian Professor of Structural Engineering 783 Davis Hall, University of California, Berkeley, CA 94720 Shimizu Corporation Visiting Professor at Stanford University, Palo Alto, CA CHIA-MING UANG Assistant Professor, Civil Engineering Department Northeastern University, Boston, MA 02115 ABSTRACT This paper discusses the state-of-the-knowledge in the use of energy concepts in seismicresistant design of structures emphasizing issues and future directions in the use of such concepts for proper establishment of design earthquakes. After a brief review of the nature of the earthquake problem, the need for improving the earthquake-resistant design of new structures and the proper upgrading of existing hazardous facilities is discussed. Emphasis is placed on the need and the difficulties of conducting nonlinear (inelastic) seismic design. The difference between design and analysis is pointed out, and the role of nonlinear analysis in the design process is discussed. The state-of-the-knowledge in the use of energy concepts in seismic-resistant design of new structures and particularly in the selection of proper (efficient) seismic upgrading of existing hazardous facilities is summarized. The importance of reliable estimation of the input energy of possible earthquake ground motions at the site of the structure in order to select the critical motion (i.e., to establish the proper design earthquake) is emphasized. The different engineering parameters that are needed for proper establishment of the design earthquake are discussed, concluding that while the input energy, E1, is a reliable parameter for selecting the most demanding earthquake ground motion, it alone is not sufficient for proper design of the structure. For the sizing and detailing of a structure, it is necessary to specify the smoothed inelastic response spectra as well as the time history of the dissipated energy.
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 Recommendations for research and development needs to improve the use of energy concepts in seismic-resistant construction are offered. INTRODUCTION STATEMENT OF THE ISSUES. It is well recognized that most human injury and economic loss due to moderate or severe earthquake ground motions are caused by the failure1 of civil engineering facilities (particularly buildings), many of which were presumed to have been designed and constructed to provide protection against natural hazards. This has been dramatically confirmed during recent earthquakes around the world (the 1988 Armenia, 1989 Loma Prieta, 1990 Iran, and 1990 Philippines earthquakes). Therefore, one of the most effective ways to mitigate the destructive effects of earthquakes is to improve existing methods and/or develop new and better methods of designing, constructing and maintaining new structures and of repairing and upgrading (retrofitting) existing hazardous facilities, particularly buildings. Although this paper will discuss only problems related to the seismic-resistant design of structures, it should be noted that, while a sound design is necessary, this is not sufficient to ensure a satisfactory earthquake-resistant structure. The seismic response of the structure depends on the state of the whole soilfoundation-superstructure and nonstructural components system when earthquake shaking occurs, i.e., response depends not only on how the structure has been designed and constructed, but on how it has been maintained up to the time that the earthquake strikes. A design can only be effective if the model used to engineer the design can be and is constructed and maintained. Although the importance of construction and maintenance in the seismic performance of structures has been recognized, insufficient effort has been made to improve these practices (e.g., supervision and inspection) [1]. In an attempt to realize the above mentioned improvements, the authors and their research associates have carried out a series of studies examining the problems encountered in improving earthquake-resistant design of new structures and the development of more reliable approaches to the seismic upgrading of existing hazardous facilities. Because the fundamental earthquake ground motion data required to conduct reliable vulnerability assessment of existing structures and facilities and then to develop efficient strategies for seismic upgrading of hazardous structures is the same as that required for earthquake-resistant design of new structures, only this last case will be discussed herein with special emphasis on building structures. The state-of-the-art and the state-of-the-practice of earthquake-resistant design and construction of buildings have been reviewed in a series of recent
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 publications by the author and his colleagues [Refs. 2–4]. The importance of a number of problems that have been under study and mentioned in these reviews has recently been confirmed by: the ground motions recorded during two major earthquakes in 1985 (March 3rd in Chile and September 19th in Mexico) and the 1989 Loma Prieta earthquake; the results obtained from the processing of these records; the performance of the structures, particularly buildings during the above and other recent earthquakes; and the results of integrated analytical and experimental studies that have recently been conducted. To recognize the importance as well as the difficulties involved in the solution of the general issues (problems) encountered in the seismic-resistant design of structures, it is convenient to briefly review these problems. Overview of Special Problems Encountered in the Design of EarthquakeResistant Structures. To conduct efficient earthquake-resistant design of a facility (for example, a building), it is necessary to predict reliably the mechanical (dynamic) behavior of the whole soil-foundation-superstructure and nonstructural components of the building system. The general problems involved in predicting the seismic response of a building are symbolically defined and schematically illustrated in Fig. 1. The first problem is to estimate accurately the ground motion at the foundation of the building, X3. For an earthquake of specified magnitude, ML, and focal distance, R1, it is analytically feasible to estimate the base rock motion at the given site of the building, X1, if the fault type is known [X1=f(R1, ML)]. Prediction of X3, however, must account for the effects of the soil layers underlying and/or surrounding a building. These effects can be classified in two groups: One is related to the influence of the dynamic characteristics of the different soil layers during the transmission of X1 to the free ground surface, indicated in Fig.1 by an attenuation or amplification factor, A [X2 =A·X1]; the other is related to the interaction between structure and soil foundation, symbolically represented by a factor I. There are presently large uncertainties regarding the realistic values of A and I, and major errors could be introduced by trying to quantify these two factors using available analytical techniques. Even if X1 could be predicted with engineering accuracy, attempts to quantify the influence of soil conditions on X1 to attain X2 and X3 would result in a wide range of predicted values. Soil behavior can be very sensitive to the intensity of the seismic waves, as well as to the rate of straining they could induce. Thus, the analyst or designer would not rely exclusively on results obtained from a single
 
 1The term failure is used herein not only to represent physical collapse, but also any serious structural and nonstructural damage which can jeopardize human life and/or the function of the facility.
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 Fig. 1 Illustration of Problems and Factors Involved in Predicting the Seismic Response of a Building
 
 deterministic analysis. Bounds on the possible variations in A and I should also be considered. The second problem is to predict the deformation, X4, from shaking at the foundation, X3 by a dynamic operator, D. Although this is a simple expression, the uncertainties involved in realistically estimating X3 and D give rise to serious difficulties in obtaining an accurate numerical evaluation of X4. Even if it were possible to predict the mechanical characteristics of a building, there remain many uncertainties in establishing the six components of the critical X3, and attempts to predict the response (strength and deformation) of the building should consider the complete range, or at least the bounds of the dynamic characteristics of the possible excitations, X3. Owing to these uncertainties, the ideal solution would be a conservative one which would identify the critical excitation, X3, for the given building. Although it is easy to define this critical X3 as that which drives a structures to its maximum response, its specific quantification is more complicated. Quantification is feasible for elastic response, but is complicated for cases involving nonlinear response. The precise evaluation of X4 at any point in a structure requires that its three translational and three rotational components be established. Furthermore, the prediction of X4 for a particular building to a specific ground motion depends on the combined effect and dynamic characteristics of all excitations acting on the
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 building. Usually the main excitations on a structures during a severe earthquake are due to: (1) Gravity forces, G(t), with the associated effects of volumetric changes produced by creep of the structural material, especially in concrete; (2) changes in environmental conditions, E(t), such as stresses produced by variations in temperatures; and (3) at least the three translational components of the foundation shaking, X3(t). As shown in eq. (1a), the dynamic characteristics of the whole system, which can change continuously as the structures is deformed into its inelastic range, can be summarized by denoting them as the instantaneous values of: (1) Mass, M(t); (2) damping coefficient, ξ(t); and (3) resistance function, (R versus X4)(t). They can also be represented as illustrated in eq.(1b) by the instantaneous values of: (1) Fundamental period, T(t); (2) damping coefficient, ξ(t); (3) yielding strength, Ry (t); and (4) energy absorption and dissipation capacity as denoted by instantaneous available ductility, which is a function of X4(t). (1a)
 
 (1b)
 
 Analysis of the parameters in eqs. (1a) and (1b) indicates the magnitude of the problems involved in predicting response to earthquake ground motions. The first problem is that to predict X4, X4 must be known. Another problem is that all such parameters are functions of time, although the gravity forces and environmental conditions tend to remain nearly constant for the duration of an earthquake. It should be noted that the value of ∆E(t) represents more than just the stresses induced by environmental changes that occur during the critical earthquake ground motion, X3; it also accounts for stress and strain existing at the time of the earthquake due to (1) previous thermal changes or shrinkage, which cause residual stress or distress, and deterioration from aging and corrosion; (2) degradation in strength and stiffness caused by previous exposure to high winds, fires, or earthquakes; (3) strength and stiffness caused by alternation, repair or strengthening. Since any one of these conditions can significantly affect structural response, factors that must be considered in determining the strength and deformation capacities include the variations in loading and environmental histories during the service life of the building and their effects on the condition of the structure at the time of the occurrence of the
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 extreme environment. To this end, it should be noted that E(t) also affects (R versus X4)(t). Another difficulty is that in the case of predicting the response, X4(t), to the extreme (safety) ground motions, this usually involves nonlinear (inelastic) response. Therefore, it is not possible to apply the principle of superposition and solve independently the problem for each of the different excitations and then superimpose their solution. This is one of the main reasons why in practice designers prefer to reduce (simplify) the prediction of the seismic response of a structure and, therefore, limit its design to the linear elastic range of the actual response. Differences Between Analysis and Design, and Between Design and Construction. A preliminary structural design should be available to conduct linear elastic and nonlinear (inelastic) analyses of the soil-foundationsuperstructure model(s). To recognize clearly the differences between analysis and design, and at the same time identify problems inherent in the design of earthquake-resistant structures, it is convenient to analyze the main steps involved in satisfying what can be called the basic design equation: DEMAND on Stiffness Strength Stability Energy absorption & energy dissipation capacities
 
 ≤ SUPPLY of Stiffness Strength Stability Energy absorption & energy dissipation capacities
 
 Evaluation of the demand and prediction of the supply are not straightforward, particularly for earthquake-resistant buildings. Determination of the demand, which usually is done by numerical analyses of mathematical models of the entire soil-foundation-building system, depends on the interaction of this system as a whole and the different excitations that originate from changes in the system environment and of the intrinsic interrelation between the demand and supply itself. In the last three decades our ability to analyze mathematical models of buildings when subjected to earthquake ground shaking has improved dramatically. Sophisticated computer programs have been developed and used in the numerical analysis of the linear as well as nonlinear seismic response of three-dimensional mathematical models of the bare structure of a building to certain assumed earthquake ground motions (earthquake input). The opportunity is ripe to take advantage of these improvements in analysis in the
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 seismic design of structures. In general, however, these analyses have failed to predict the behavior of real buildings, particularly at ultimate limit states. As a consequence of this and due to the lack of reliable models to predict supplies to real structures, there has not been a corresponding improvement in the design of earthquake-resistant structures. There is an urgent need to improve mathematical modeling of real facilities. This requires integrated analytical and experimental research. The proportioning (sizing) and detailing of the structure elements of a building are usually done through equations derived from the theory of mechanics of continuous solids or using empirical formulae. Except in the case of pure flexure, a general theory with reliable equations that can accurately predict energy absorption and dissipation capacities of structural elements and of the socalled nonstructural elements, and therefore of real buildings, has not been developed. Improving this situation will require integrated analytical and experimental research in the field (through intensive instrumentation of buildings) and in the experimental laboratory through the use of pseudo-dynamic and/or earthquake simulator facilities. The information needed to improve prediction of earthquake responses of structures, and therefore necessary to improve their design, can be grouped under the following three basic elements: Earthquake input, demands on the structure, and supplied capacities of the structure. The authors believe that a promising approach for improving the solution of the problems involved with these three elements is through the use of energy concepts [6]. To review the state-of-the-art in the use of these concepts is one of the main objectives of this paper. Because of space limitations, this paper will attempt to focus on the stateof-the-art in the use of such an energy approach only to solve the problem of proper selection of the earthquake input. Earthquake Input; Specification of Design Earthquakes and Design Criteria. The design earthquake depends on the design criteria, i.e., the limit state controlling the design. Conceptually, the design earthquake should be that ground motion that will drive a structure to its critical response. In practice, the application of this simple concept meets with serious difficulties because, first, there are great uncertainties in predicting the main dynamic characteristics of ground motions that have yet to occur at the building site, and , secondly, even the critical response of a specific structural system will vary according to the various limit states that could control the design. Until a few years ago seismic codes have specified design earthquakes in terms of a building code zone, a site intensity factor, or a peak site acceleration. Reliance on these indices, however, is generally inadequate, and methods using ground motion spectra (GMS) and Smoothed Elastic Design Response
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 Spectra (SEDRS) based on Effective Peak Acceleration (EPA) have been recommended [2–5]. While this has been a major improvement conceptually, great uncertainties regarding appropriate values for EPA and GMS, as well as other parameters that have been recommended to improve this situation, persist [5 & 7]. The authors believe that a promising engineering parameter for improving selection of proper design earthquakes is through the concept of Energy Input, EI, and associated parameters. The use of this concept and associated parameters is the main subject of this paper which has the following objectives. OBJECTIVES. The main objectives of this paper are: First, to discuss the state-of-the-knowledge in the use of energy concepts in seismic-resistant design of structures with emphasis on the proper establishment of the design earthquakes through the use of EI and associated parameters; and, secondly, to point out the main issues and future directions in the use of such an energy approach. STATE-OF-THE-KNOWLEDGE IN THE USE OF ENERGY CONCEPTS GENERAL REMARKS. Traditionally, displacement ductility has been used as a criterion to establish Inelastic Design Response Spectra (IDRS) for earthquake-resistant design of buildings [8]. The minimum required strength (or capacity for lateral force) of a building is then based on the selected IDRS. As an alternative to this traditional design approach, an energy-based method was proposed by Housner [9]. Although estimates have been made of input energy to Single Degree of Freedom Systems, SDOFS, [10] and even to Multi-Degree of Freedom Systems, MDOFS, (steel structures designed in the 60’s for some of the existing recorded ground motions) [11], it is only recently that this approach has gained extensive attention [12]. This design method is based on the premise that the energy demand during an earthquake (or an ensemble of earthquakes) can be predicted and that the energy supply of a structural element (or a structural system) can be established. A satisfactory design implies that the energy supply should be larger than the energy demand. To develop reliable design methods based on an energy approach, it is necessary to derive the energy equations. Although real structures are usually MDOFS, to facilitate the analysis and understanding of the physical meaning of the energy approach, it is convenient to first derive the energy equations for SDOFS and then to derive these equations for MDOFS. DERIVATION OF ENERGY EQUATIONS: Linear Elastic-Perfectly Plastic SDOFS. In Ref. 13 is a detailed discussion of the derivation of the
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 following two basic energy equations starting directly from the eq. (2) for a given viscous damped SDOFS subjected to an earthquake ground motion (2) where: m=mass; c=viscous damping constant; fs=restoring force (if k=stiffness, fs=kv for a linear elastic system); vt=v+vg=absolute (or total) displacement of the mass; v=relative displacement of the mass with respect o the ground; and vg= earthquake ground displacement. Derivation of “Absolute” Energy Equation. Integrating Eq. 2 with respect to v from the time that the ground motion excitation starts and considering that v=vt −vg it can be shown that (3)
 
 ( 4 ) Considering that Ea is composed of the recoverable Elastic Strain Energy, Es, and of the irrecoverable Hysteretic Energy, EH, eq. (4) can be rewritten as (5) The EI is defined as the “Absolute Input Energy” because it depends on the absolute acceleration, t. Physically, it represents the inertia force applied to the structure. This force, which is equal to the restoring force plus damping force [see eq. (2) and Fig. 2], is the same as the total force applied to the structure foundation. Therefore, EI represents the work done by the total base shear at the foundation on the foundation displacement, vg. Derivation of “Relative” Energy Equation. Considering that Eq. (2) can be rewritten as (6) and the structural system of Fig. 2(a) can be conveniently treated as the equivalent system in Fig. 2(b) with a fixed base and subjected to an effective . Integrating Eq. (6) with respect to v, horizontal dynamic force of magnitude, the following eq. can be obtained:
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 Fig. 2 Mathematical Model of a SDOFS subjected to an Earthquake Ground Motion
 
 (7)
 
 ( 8 ) As Ea=Es+EH, Eq. (8) can be rewritten as (9) The EI’ that is defined as the “Relative” Input Energy represents the work done ) on the equivalent fixed-base by the static equivalent internal force (system; that is, it neglects the effect of the rigid body translation of the structure. Difference Between Input Energies from Different Definitions. Ref. 13 discusses in detail the differences between the values of the input energies EI and EI’. Although the profiles of the energy time histories calculated by the absolute energy equation (3) differ significantly from those calculated by the conventional relative equation, eq. 7, the maximum values of EI and EI’ for a constant displacement ductility ratio are very close in the period range of practical interest for buildings which is 0.3 to 5.0 secs.
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 Comparison of EI with the Maximum Input Energy that is Stored in a Linear Elastic SDOFS. For a linear elastic SDOFS the maximum input energy that is stored is given by (10) where Spv is the linear elastic spectral pseudo-velocity. This EIS has been used by some researchers as the energy demand for an inelastic system. In Ref. 13 it is shown that EIS may significantly underestimate the EI for an inelastic system. In this reference, it is also shown that, except for highly harmonic ground motions (like the recorded one at SCT in Mexico City during the 1985 earthquake), the EI for a constant ductility ratio can be predicted reliably by the elastic input energy spectra using Iwan’s procedure [14] which takes into consideration the effect of increasing damping ratio and natural period. Input Energy to MDOFS. The EI for an N-story building can be calculated as follows [13]: (11)
 
 Where: mi is the lumped mass associated with the ti floor, and icon is the total acceleration at the i-th floor. In other words, EI is the summation of the work done by the total inertia force (mivti) at each floor through the ground displacement vg. Analysis of results obtained from experiments conducted on medium rise steel dual systems indicates that the EI to a multi-story building can be estimated with sufficient practical accuracy by calculating the EI of a SDOFS using the fundamental period of the multistory structure. ADVANTAGES OF USING ENERGY CONCEPTS IN SEISMIC DESIGN OF STRUCTURES. Equation (5) can be rewritten as (12a)
 
 (12b) where EE can be considered as the stored elastic energy and ED the dissipated energy. Comparing this equation with the design equation, it becomes clear that EI represents the demands, and the summation of EE+ED represents the supplies. This eq. (12a) points out clearly to the designer that to obtain an
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 efficient seismic design, the first step is to have a good estimate of the EI for the critical ground motion. Then the designer has to analyze if it is possible to balance this demand with just the elastic behavior of the structure to be designed or will it be convenient to attempt to dissipate as much as possible some of the EI, i.e., using ED. As revealed by eq. (12b), there are three ways of increasing ED: One is to increase the linear viscous damping, Eξ; another, is to increase the hysteretic energy, EH; and the third is a combination of increasing Eξ and EH. At present it is common practice to just try to increase the EH as much as possible through inelastic (plastic) behavior which implies damage of the structural members. Only recently it has been recognized that it is possible to increase significantly the EH and control damage through the use of Energy Dissipation Devices. If technically and/or economically it is not possible to balance the required EI through either EE alone or EE +ED, the designer has the option of attempting to control (decrease) the EI to the structure. This can be done by Base Isolation Techniques. A combination of controlling (decreasing) the EI by base isolation techniques and increasing the ED by the use of energy dissipation devices is a very promising strategy not only for achieving efficient seismic-resistant design and construction of new structures, but also for the seismic upgrading of existing hazardous structures [15]. To reliably use this energy approach, it is essential to be able to select the critical ground motion (design earthquake), i.e., that which controls the design; in other words, the ground motion that has the largest damage potential for the structure being designed. Although many parameters have been and are being used to establish design earthquakes, most of them are not reliable for assessing the damage potential of earthquake ground motions. As mentioned in the Introduction, a promising parameter for assessing damage potential of these motions is the EI [6]. However, as it will be discussed below, this parameter alone is not sufficient to evaluate (visualize) the ED (particularly EH) that has to be supplied to balance the EI for any specified acceptable damage. Additional information is needed. INFORMATION NEEDED TO CONDUCT RELIABLE SEISMIC-RESISTANT DESIGN GENERAL REMARKS. It has been pointed out previously that the first and fundamental step in seismic-resistant design of structures is the reliable establishment of the design earthquakes. This requires a reliable assessment of the damage potential of all the possible earthquake ground motions that can occur at the site of the structure. An evaluation of the different parameters that have been and are still used is offered in Ref. 6. Currently, for structures that can
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 tolerate a certain degree of damage, the Safety or Survival-Level Design Earthquake is defined through Smoothed Inelastic Design Response Spectra, SIDRS. Most of the SIDRS that are used in practice (seismic codes) have been obtained directly from SEDRS, through the use of the displacement ductility ratio, µ, or reduction factors, R. The validity of such procedures has been questioned, and it is believed that at present such SIDRS can be obtained directly as the mean or the mean plus one standard deviation of the Inelastic Response Spectra, IRS, corresponding to all the different time histories of the severe ground motions that can be induced at the given site from earthquakes that can occur at all of the possible sources affecting the site [7]. While the above information is necessary to conduct reliable design for safety, i.e., to avoid collapse and/or serious damage that can jeopardize human life, it is not sufficient. Although the IRS takes into account the effects of duration of strong motion in the required strength, these spectra do not give an appropriate idea of the amount of energy that the whole facility system will dissipate through hysteretic behavior during the critical earthquake ground motion. They give only the value of maximum global ductility demand. In other words, the maximum global ductility demand by itself does not give an appropriate definition of the damage potential of ground motions. In Ref. 6 the authors have shown that a more reliable parameter than those presently used in assessing damage potential is the EI. As is clearly shown by eqs. 3 and 4, this damage potential parameter depends on the dynamic characteristics of both the shaking of the foundation and the whole building system (soil-foundation-superstructure and nonstructural components). Now the question is: Does the use of the SIDRS for a specified global µ and the corresponding EI of the critical ground motion give sufficient information to conduct a reliable seismic design for safety? Although the use of EI can identify the damage potential of a given ground motion and, therefore, permits selection, amongst all the possible motions at a given site, of that which will be the critical one for the response of the structure, it does not provide sufficient information to design for safety level. From recent studies [7 & 13] it has been shown that the energy dissipation capacity of a structural member, and therefore of a structure, depends upon both the loading and deformation paths. Although the energy dissipation capacity under monotonic increasing deformation may be considered as a lower limit of energy dissipation capacity under cyclic inelastic deformation, the use of this lower limit could be too conservative for earthquake-resistant design. This is particularly true when the ductility deformation ratio, say µ, is limited, because of the need to control damage of nonstructural components or other reasons, to low values compared to the ductility deformation ratio reached under monotonic loading. Thus, effort should be devoted to determining experimentally the energy
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 dissipation capacity of main structural elements and their basic subassemblages as a function of the maximum deformation ductility that can be tolerated, and the relationship between energy dissipation capacity and loading and/or deformation history. From the above studies, it has also been concluded that damage criteria based on the simultaneous consideration of EI and µ, (given by SIDRS), and the EH (including Accumulative Ductility Ratio, µa , and Number of Yielding Reversals, NYR) are promising for defining rational earthquake-resistant design procedures. The need for considering all of these engineering parameters rather than just one will be justified below by a specific example. From the above discussion, it is clear that when significant damage can be tolerated, the search for a single parameter to characterize the ground motion or the design earthquake for safety is doomed to fail. IMPORTANCE OF SIMULTANEOUSLY CONSIDERING THE EI, IDRS, AND EH (INCLUDING µa AND NYR) FOR DEFINING THE SAFETY-LEVEL DESIGN EARTHQUAKE. Figures 3–7 permit comparison of the values of these different engineering parameters for two recorded ground motions, San Salvador (SS) and Chile (CH); Table 1 summarizes approximate maximum values for these parameters corresponding to each of these two different recorded ground motions. The importance and, actually, the need for simultaneously considering all the above parameters in selecting the critical ground motions and, therefore, for defining the safety-level design earthquake, is well illustrated by analyzing the values of these parameters for these two records. San Salvador (SS) vs. Chile (CH) Records. From analyses of the values of Peak Ground Acceleration (PGA), Effective Peak Acceleration (EPA), and Effective Peak Velocity (EPV) (given in Table 1) which are values presently used to define the seismic hazard zoning maps, it might be concluded that the damage potential of these ground motions is quite similar. One can arrive at a similar conclusion if the values of the required Yielding Strength Coefficient, Cy=Vy/W, for different values of µ are compared or, in other words, if the IRS for different µ are compared (Fig. 3). However, a completely different picture is obtained when the values of the EI, EH, µa, and NYR for different values of µ are compared. The EI for the CH record can be as much as 5 times the EI for the SS record (Fig. 4). The EH [represented by the equivalent hysteretic velocity, , in Fig. 5] for the CH record is more than 3 times the EH for the SS record when the period, T, is about 0.5 secs. and nearly 2 times when the T varies from 0.5 secs. up to 1.5 secs. The µa for the CH record are 2 to 4 times higher than those of the SS record (Fig. 6). The NYR for the CH record and for a µ=6 and T < 0.5 seconds are more than 10 times the NYR for the SS record
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 (Fig. 7). For a µ=4 and , the NYR for the CH record are more than 5 times those of the SS record. From the above comparison, it is clear that the damage potential of the CH recorded ground motion is significantly (at least 3 times) greater than that of the SS record in spite of the fact that PGA, EPA, EPV, ERS (IRS for µ=1) and even the IRS for different values of µ are very similar. Thus, the importance of evaluating the EI and EH (represented herein by VH, µa and NYR spectra) which are functions of the duration of strong ground motions, td, becomes very clear. While the td for the CH records is 36 secs., the td for the SS record is only 4.3 secs.(see Table 1). The importance of td in judging damage control is discussed in Ref. 7. While the above spectra are very helpful in preliminary design, for the final design (detailing of members), the ideal would be to have the time history of the EH, i.e., the time history of the load-deformation relationship of the designed structure. Table 1. Parameters Corresponding to the Chile (CH) and San Salvador (SS) Earthquake Ground Motions
 
 The assembly of all the above spectra and time histories can be considered the ideal information for making reliable decisions regarding the critical earthquake ground motions and, therefore, for reliable establishment of design earthquake and design criteria. Thus, the gathering of this basic information should be pursued for research in order to improve seismic codes as well as for the design of important facilities. It should be noted that all of the above spectra can be computed by the engineer if he/she is provided with the time history of all possible ground motions than can occur at the site of the structure. It has to be recognized that, for practical preliminary design of most standard facilities, it will be convenient to specify the minimum possible information to keep it simple. It is believed that, for a given structural site, this minimum could be the EI and the SIDRS of all the possible ground motions as that site. The EI would permit selection of the type of critical ground motion, i.e., the one that will induce the largest damage. The SIDRS, corresponding to the type of critical ground motion, can be used to conduct the preliminary design of the structure. Once a preliminary design is completed, it will be possible to obtain all the other information, i.e., the EH, µa and NYR for different µ, from nonlinear, dynamic time history analyses, taking advantage of the significant advances achieved in the development of computer programs for such analysis. This will permit checking the adequacy of the preliminary design. While a nonlinear analysis of the preliminary design using a static approach (i.e., equivalent static lateral force) can give an idea of the strength and deformation capacities as well as a lower limit of the available EH and therefore it should be used if no time history
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 Fig. 3 Yielding Strength Spectra (Cy) for CH and SS Records (5% Damping)
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 Fig.4. Input Energy (EI/m) Spectra for CH and SS Records (5% Damping)
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 Fig.5. Hyslcretic Energy Equivalent Velocity (VH) Spectra for CH and SS Records (5% Damping)
 
 20 NONLINEAR SEISMIC ANALYSIS AND DESIGN OF REINFORCED CONCRETE BUILDINGS
 
 Fig. 6 Accumulative Displacement Ductility Ratio (µa) Spectra for CH and SS Records (5% Damping)
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 Fig. 7 Number of Yielding Reversal (NYR) Spectra for CH and SS Records (5% Damping)
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 of the critical ground motions is possible, this type of analysis will not supply any information regarding the µa or NYR or the sequence of damage. From the above discussion, it becomes clear that, if future codes perpetuate simple procedures for seismic design specifying only smoothed strength response spectra, it will be necessary to place more stringent limitations on the type of structural systems that could be used and on how such procedures can be applied, and to have very conservative regulations in the sizing and detailing for ductility and in the maximum acceptable deformations. CONCLUSIONS AND RECOMMENDATIONS CONCLUSIONS. Review of the state-of-the-knowledge in seismic-resistant design of structures reveals that among the several issues that exist the following two are very important: First, what are the earthquake effects, and in particular for any selected site of a structure, what are the ground motions against which the structure has to be designed? And secondly, how should the design be conducted to resist such earthquake effects? From the above discussions and the analyses of the results obtained in the studies published in the references cited in this paper regarding these two main issues, the following observations can be made: (1) The application of energy concepts through the use of energy equations has the advantage that it guides (indicates) the designer through the different alternatives at his disposal to find an efficient (technical and economical) design. It encourages and guides the designer in the proper application of recent developments in the use of techniques in base isolation and energy dissipation devices. (2) Of the two energy equations derived from analysis of response of SDOFS, the use of the “absolute” energy equation rather than the “relative” energy equation has the advantage that the physical energy input is reflected. (3) The absolute and relative input energies for a constant displacement ductility ratio are very close in the period range of practical interest, namely 0.3 to 5 secs. (4) For certain types of earthquake ground motion, the absolute input energy spectra are sensitive to the variation of the ductility ration, µ , (5) The use of the stored energy in a linear elastic SDOFS, as a measure of the energy demand for an inelastic system can significantly underestimate the (6) The EI for a constant ductility ratio can be predicted reliably based on the use of Elastic Input Energy Spectra provided that the increased damping ratio and natural period proposed by Iwan are used. An exception to this is when the
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 ground motion is of the type (highly harmonic) recorded at the SCT station in Mexico City during the 1985 Mexico earthquake. (7) For certain types of multi-story buildings (i.e., MDOFS), their EI can be estimated with sufficient reliability from the EI of the SDOF using the fundamental period of the MDOFS. (8) For proper establishment of design earthquakes and design criteria, it is necessary to have a reliable assessment of the damage potential of each of the different ground motions that can occur at the site of the structure. The different parameters used currently in practice (codes) are inadequate in assessing the damage potential of an earthquake ground motion. The EI is a reliable parameter in selecting the most demanding earthquake; however, it alone is not sufficient for conducting reliable design, sizing and detailing when damage can be tolerated. (9) The conventional inelastic response spectra, based on a constant µ, cannot be used alone as a parameter for judging the damage potential of the earthquake ground motions and thus for establishing the design earthquakes. These spectra do not reflect the possibility of high energy dissipation demand for earthquakes with long duration of strong motion. (10) For a given structure site, the best parameters for selecting critical earthquake ground motions at the safety or survivability level are the EI and EH spectra corresponding to all the possible earthquake ground motions that can occur (or have been recorded) at the selected site. While EI represents the total energy demand, the EH is directly related to the damage (inelastic deformations) that can be expected. (11) The EH spectra are generally in close agreement with the spectra for the energy stored in a linear elastic SDOFS, m(Spv)2/2; however, this elastic stored energy may underestimate significantly the EH for structures subjected to long duration of strong motions as those recorded during the 1985 Chile and Mexico earthquakes. (12) For proper selection of the structural system to be used and particularly for the sizing and detailing of the structural members, the use of the EI, IRS and EH spectra is not sufficient. The energy dissipation capacity of a structure is dependent on the deformation path (i.e., the deformation time history). Thus, it is necessary to have information about: The accumulative deformation ductility ratio, µa, and the number of yielding reversals, NYR. The µa and NYR spectra are not enough, however, by themselves; what is needed is the deformation time history of the critical regions of the selected structural system when subjected to the critical ground motions. (13) It looks as if any attempt to base seismic design of structures on a design earthquake developed by only one engineering parameter is doomed to fail. But
 
 24 NONLINEAR SEISMIC ANALYSIS AND DESIGN OF REINFORCED CONCRETE BUILDINGS
 
 if the present building code philosophy of maintaining as simple a code as possible persists and it is also desired to base seismic design on the formulation of just a design response spectra, it is suggested that this be accomplished by specifying SIDRS for different levels of µ and for different types of site conditions rather than to specify SEDRS and R factors and site coefficients, S. This should be done together with very strict limitations on the type of structural systems to be used and very stringent requirements on the sizing and detailing of the structural components to achieve the largest possible ductility deformation ratio that can be economically attained so that the structure can economically supply a large EH. Even if these restrictions are specified, it would be desirable that the codes require nonlinear (inelastic) analyses of the preliminarily design structure at least under static lateral forces. Ideally, it should be done using time history analyses. RECOMMENDATIONS: To improve solutions of the existing issues in the use of energy concepts and their application in practice, the following needs are identified. Research Needs. Most of the advances in the use of energy concepts for seismicresistant design have been achieved through analytical studies conducted on SDOFS. Because real structures, and particularly building structures, are MDOFS, there is an urgent need to conduct integrated analytical and experimental studies on the validity of applying the results obtained from analysis of SDOFS to MDOFS. To achieve this, the following recommendations are proposed: (1) To develop more efficient and reliable computer programs for the 3D, nonlinear dynamic analysis of multi-degree of freedom building structures; (2) to properly instrument whole multi-story building systems (soilfoundation-superstructure and nonstructural components) having different structural systems; (3) to conduct integrated and experimental investigation on the energy dissipation capacities of the different building structural components as well as their basic subassemblages when these components and assemblies are subjected to excitations reliably simulating the effects of the response of the building system to critical ground motions; (4) to use earthquake simulator facilities to perform integrated analytical and experimental studies on the 3D seismic performance of different types of building systems. Development Needs. It is necessary that the results of the research be used to develop practical methods for applying the energy concepts, as well as the derived energy equations, to the design of buildings. To facilitate this application, it will also be necessary to develop efficient base isolation and base dissipation devices that can be used to control in a reliable way the EI and EH as well as the E ξ. Education Needs. It is time that the use of the energy concepts be introduced into the education of our engineering students. Furthermore, the practitioners
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 (professional engineers) in regions of seismic risk should also be educated or at least exposed to the use of energy concepts. This information may be disseminated through short courses. Implementation Needs. Researchers should work with professional engineers and code officials to develop practical methods of design based on energy concepts that can be introduced into the seismic codes. ACKNOWLEDGEMENTS The studies reported herein have been supported by grants from the National Science Foundation and CUREe Kajima. The authors would also like to acknowledge Dr. Eduardo Miranda, Research Engineer; Hatem Goucha, Research Assistant; and Katy Grether who edited and typed this paper. REFERENCES 1.
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 SEISMIC DESIGN BASED ON DUCTILITY AND CUMULATIVE DAMAGE DEMANDS AND CAPACITIES HELMUT KRAWINKLER and ALADDIN A.NASSAR Department of Civil Engineering Stanford University Stanford, California 94305–4020, U.S.A.
 
 ABSTRACT This paper summarizes results of a continuing study on damage potential of ground motions and its implications for seismic design. A seismic design procedure that accounts explicitly for ductility and cumulative damage demands and capacities is proposed. The discussion focuses on the identification and determination of seismic demand parameters that are needed to implement the proposed design procedure. Emphasis is placed on strength, ductility, and energy demands. Results are presented for demands imposed by rock and stiff soil ground motions on single and multi degree of freedom systems. The objective of the paper is to demonstrate that ductility and cumulative damage considerations can and should be incorporated explicitly in the design process. INTRODUCTION Seismic design is an attempt to assure that strength and deformation capacities of structures exceed the demands imposed by severe earthquakes with an adequate margin of safety. This simple statement is difficult to implement because both demands and capacities are inherently uncertain and dependent on a great number of variables. A desirable long-range objective of research in earthquake engineering is to provide the basic knowledge needed to permit an explicit yet simple incorporation of relevant demand and capacity parameters in the design process. A demand parameter is defined here as a quantity that relates seismic
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 input (ground motion) to structural response. Thus, it is a response quantity, obtained by filtering the ground motion through a linear or nonlinear structural filter. A simple example of a demand parameter is the acceleration response spectrum, which identifies the strength demand for elastic single degree of freedom (SDOF) systems. Considering that most structures behave inelastically in a major earthquake, it is evident that this parameter alone is insufficient to describe seismic demands. Relevant demand parameters include, but are not limited to, ductility demand, inelastic strength demand, and cumulative damage demands. Capacities of elements and structures need to be described in terms of the same parameters as the demands in order to accommodate a design process in which capacities and demands can be compared directly. In this respect a clear distinction needs to be made between “brittle” elements and elements that tolerate inelastic deformations (ductile elements). In the former kind no reliance can be placed on ductility and the design process becomes an attempt to assure that the strength demands on these elements do not exceed the available strength capacities. This is usually accomplished by tuning the relative strength of ductile and brittle elements (e.g., the strong column—weak girder concept). The presence of ductile elements provides the opportunity to design structures for less strength capacity than the elastic strength demand imposed by ground motions by relying on the ductility capacity of these elements. The permissible amount of strength reduction depends on the ductility capacity, which in turn depends on the number, sequence, and magnitudes of the inelastic excursions (or cycles) to which the elements are subjected in an earthquake. This history dependence of ductility capacity, represented usually through cumulative damage models, presents one of the biggest challenges in improving seismic design procedures since it requires refined modeling that considers all important ground motion as well as structural response characteristics. The work discussed in this paper addresses important issues in the context of seismic design for ductility demand and capacity, considering the effects of cumulative damage on the latter. A design procedure is postulated and the components of knowledge needed to implement this procedure are identified. The issue of cumulative damage is briefly discussed, quantitative information is presented on important seismic demand parameters for SDOF systems, and selected data are presented for multi-degree of freedom (MDOF) systems that can be viewed as conceptual models of real multi-story buildings.
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 POSTULATED SEISMIC DESIGN PROCEDURE The objective is to develop a design approach that permits better tuning of the design to the ductility capacities of different structural systems and the elements that control seismic behavior. Such an approach has to be simple to be adopted by design engineers and transparent to the design process to permit the designer to explicitly consider demands versus capacities. The approach must be applicable equally to the limit states of serviceability and safety against collapse (i.e, a dual level design approach). Both limit states can be described by damage control, with the serviceability limit state defined by drift limitations and small cumulative damage, and the safety limit state defined by an adequate margin of safety against the cumulative damage approaching a limit value associated with collapse. The discussion presented in this paper is not concerned with the issue of serviceability. It focuses on design for safety against collapse during severe earthquakes. In the design for safety against collapse it is postulated that element behavior can be described by cumulative damage models of the type summarized in the next section. Since these damage models are too complex to be incorporated directly into the design process, it is suggested to use these models together with statistical information on seismic demand parameters and experimental and analytical data on structural performance parameters to transform element cumulative damage capacity into element ductility capacity (ductility capacity weighted with respect to anticipated cumulative damage demands such as hysteretic energy dissipation). Thus, the ductility capacity of the critical structural elements becomes the starting point for seismic design. This capacity will depend on the types of elements used in the structural system, but once the elements have been chosen the ductility capacity is assumed to be a known quantity. The strengths of elements and the structure become now dependent quantities which need to be derived from the criterion that the ductility demands should not exceed the known ductility capacities. In order to derive structure strength requirements, the element ductility capacities have to be transformed into story ductility capacities (sometimes a simple geometric transformation and sometimes an elaborate process), which are then used to derive “inelastic strength demands” for design (discussed later). The so derived strength demands identify the required ultimate strength of the structure. Recognizing that the design profession prefers to perform elastic rather than plastic design, the structure strength level may be transformed to the member strength level in order to perform conventional elastic strength design (by estimating the ratio of the strength of the structure to the strength level associated with the end of elastic response, shown as Eg and El, respectively, in Figure 1). Pilot studies have shown that for regular structures this transformation
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 is usually not difficult but may require an iteration [1]. After this preliminary design an important step is design verification through a nonlinear static incremental load analysis (using a rational static load pattern in a “push-over” loading) to verify that the required structure strength (Eg) is achieved and that “brittle” elements are not overloaded (ductility demand < 1.0). Figure 1 illustrates the step-by-step implementation of the proposed design approach. As a basis the implementation requires a model to weigh ductility capacity for anticipated cumulative damage effects. In the illustration equal normalized hysteretic energy dissipation (see next section) is used as a criterion for weighing ductility capacity. Using the fundamental period of the structure, T, and its weighted ductility capacity, µ, the strength reduction factor, R, can be evaluated from R-µ-T relationships discussed later, assuming the structure can be modeled as an SDOF system. This strength reduction factor is used to scale the elastic strength demand spectrum (i.e., the acceleration response spectrum) to obtain inelastic strength demands. System dependent modification factors are then applied to the SDOF inelastic strength demands to account for higher mode effects in MDOF systems. This step identifies the structure strength demand, Eg, which defines the strength capacity required in order to limit the ductility demands on the structural elements to the target ductility capacities. The local strength demand (associated with the end of elastic response), El, is then estimated from the structure strength demand, the structure is designed employing conventional elastic strength design, and a nonlinear incremental load analysis is carried out to verify required structure strength. Clearly, there are many issues in this design approach that have not been addressed and that may complicate the process considerably. But the approach has been shown to work in simple examples [1], and deserves further study to explore its potential. The following list itemizes the basic information needed to implement this approach. 1. Experimental and analytical information on cumulative damage models for structural elements. 2. Statistical data on anticipated cumulative damage demands needed to weigh ductility capacities. 3. Statistical data on inelastic strength demands for prescribed ductility capacities, using SDOF systems. 4. Statistical data on multi-mode effects on the inelastic strength demands derived from SDOF systems. The following sections provide discussions on specific aspects of these four items. More detailed information is presented in Reference [2].
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 FIGURE 1. Implementation of postulated seismic design procedure
 
 EXAMPLES OF CUMULATIVE DAMAGE MODELS It is well established from experimental work and analytical studies that strength and stiffness properties of elements and structures deteriorate during cyclic loading. Materials, and therefore elements and structures, have a memory of past loading history, and the current deformation state depends on the cumulative damage effect of all past states. In concept every excursion causes damage, and damage accumulates as the number of excursions increases. The damage caused
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 by elastic excursions is usually small and negligible in the context of seismic behavior. Thus, only inelastic excursions need to be considered, and from those the large ones cause significantly more damage than smaller ones (however, smaller excursions are much more frequent). Many cumulative damage models have been proposed in the literature, each one of them with specific materials, elements, and failure modes in mind. None of the proposed models is universally applicable. A comprehensive summary of widely used model is provided in [3]. Only two of these models are summarized here, the first one developed specifically for elements of reinforced concrete structures, and the second one developed primarily for elements of steel structures. The damage index proposed by Park and Ang [4] for reinforced concrete elements is expressed as a linear combination of the normalized maximum deformation and the normalized hysteretic energy as follows: (1) in which D=damage index ( D>1 indicates excessive damage or collapse) δm=maximum deformation under earthquake δu=ultimate deformation capacity under static loading Fy=calculated yield strength dE=incremental hysteretic energy β=parameter accounting for cyclic loading effect Park and Ang [4] tested this model on 403 specimens and found that the damage capacity D is reasonably lognormal distributed but that the data show considerable scatter (c.o.v.=0.54), which is to be expected for reinforced concrete elements. This model is simple to apply and has been used widely for damage evaluation of reinforced concrete structures. The cumulative damage model proposed by Krawinkler and Zohrei [5] takes on the following form: (2) in which D=damage index ( D>1 indicates excessive damage or collapse) ∆δpi=plastic deformation range of excursion i (see Figure 2) δy=yield deformation N=number of inelastic excursions experienced in earthquake C,c=structural performance parameters
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 This model was tested and found to give very good results for several failure modes in elements of steel structures [5]. In these tests the exponent c was found to be in the order of 1.5 to 2.0, whereas the coefficient C varies widely and depends strongly on the performance characteristics of the structural element. The model has not been tested on reinforced concrete elements. The two models appear to be very different but, in fact, they are rather similar under specific conditions. Both contain two structural performance parameters, δu and β in the Park/Ang model and C and c in the Krawinkler/Zohrei model. Both contain, explicitly or implicitly, normalized hysteretic energy dissipation as the primary cumulative damage parameter. This is evident in the Park/Ang model in which the hysteretic energy dissipated in each cycle is normalized by the product Fyδu. In the Krawinkler/Zohrei model hysteretic energy dissipation is , which for elastic-plastic structural systems is contained in the term equal to the hysteretic energy dissipation normalized by Fyδy. It can be shown that this relationship is almost exact also for bilinear strain hardening systems of the type illustrated in Figure 2. Thus, the hysteretic energy dissipation, HE, or its normalized value, NHE =HE/Fyδy, is believed to be the most important cumulative damage parameter. It is evident that the hysteretic energy demand depends strongly on the strong motion duration, frequency content of ground motions, and the period and yield level of the structure, since they all affect the number and magnitudes of inelastic excursions, which in turn determine the cumulative damage experienced by a structure. Moreover, hysteretic energy dissipation is only one of the terms involved in the energy equilibrium of a structure, and the hysteretic energy demand imposed by a ground motion depends also on the other energy terms (i.e., damping energy DE, kinetic energy KE, and recoverable strain energy RSE) that make up the input energy, IE, imparted to the structure by a ground motion. This brief discussion on cumulative damage modeling was intended to show that damage and energy demands are closely related. Evaluation of energy demands is important in seismic design for two reasons. For one, input energy demand spectra, which include all energy components (RSE, KE, DE, and HE), give a clear picture of the cumulative damage potential of ground motions, much more so than elastic response spectra. Secondly, hysteretic energy demand spectra, which form an important part of the total input energy demand spectra, serve to provide the information necessary to modify ductility capacities in accordance with appropriate cumulative damage models of the type discussed in this section. Thus, there are good reasons to evaluate energy demand spectra in addition to other demand spectra discussed in the next section.
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 SEISMIC DEMAND PARAMETERS NEEDED FOR DESIGN Seismic demands represent the requirements imposed by ground motions on relevant structural performance parameters. In a local domain this could be the demand on axial load of a column or the rotation of a plastic hinge in a beam, etc. Thus, the localized demands depend on many local and global response characteristics of structures, which cannot be considered in a study that is concerned with a global evaluation of seismic demands. In this study only SDOF systems and simplified MDOF systems are used as structural models. Assuming that these models have a reasonably well defined yield strength, the following basic seismic demand parameters play an important role in implementing the postulated design procedure. Some of the terms used in these definitions are illustrated in Figure 2. Elastic Strength Demand, Fy,e. This parameter defines the yield strength required of the structural system in order to respond elastically to a ground motion. For SDOF systems the elastic response spectra provide the needed information on this parameter. Ductility Demand, µ. This parameter is defined as the ratio of maximum deformation over yield deformation for a system with a yield strength smaller than the elastic strength demand Fy,e. Inelastic Strength Demand, Fy(µ). This parameter defines the yield strength required of an inelastic system in order to limit the ductility demand to a value of µ Strength Reduction Factor, Ry(µ). This parameter defines the reduction in elastic strength that will result in a ductility demand of µ. Thus, Ry(µ)=Fy,e/Fy(µ). This parameter is often denoted as R. Energy and Cumulative Damage Demands. From the cumulative damage parameters discussed in the previous section only the following two are discussed here: Hysteretic Energy, HE:
 
 The energy dissipated in the structure through inelastic deformation Total Dissipated Energy, TDE: TDE=HE+DE (TDE is usually equal to the maximum input energy IE except for short period structures and structures with very large velocity pulses). The list of seismic demand parameters enumerated here is by no means complete. But for conceptual studies much can be learned from these parameters. In the following section these parameters are evaluated for closely spaced periods of two
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 FIGURE 2. Basic seismic demand parameters
 
 FIG. 3. Stiffness degrading model
 
 types of SDOF systems in order to permit a representation in terms of spectra, using a period range from 0.1 sec. to 4.0 sec. In the subsequent section the strength and ductility demands are evaluated for three types of MDOF systems, using six discrete periods covering a range from 0.22 to 2.05 seconds. STATISTICAL DATA ON SDOF SEISMIC DEMANDS FOR ROCK AND STIFF SOIL GROUND MOTIONS The results discussed here are derived from a statistical study that uses 15 Western US ground motion records from earthquakes ranging in magnitude from 5.7 to 7.7. All records are from sites corresponding to soil type S1 (rock or stiff soils). Time history analysis was performed with each record, using bilinear (see
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 Figure 2) and stiffness degrading (see Figure 3) SDOF systems in which the yield levels are adjusted so that discrete predefined target ductility ratios of 2, 3, 4, 5, 6, and 8 are achieved. Damping of 5% of critical was used in all analyses and strain hardening of α=0, 2%, and 10% was investigated. Since the problem of scaling records to a common severity level is an unresolved issue, all results shown here are presented in a form that makes scaling unnecessary. This is accomplished by computing for each record the demand parameters for constant ductility ratios and normalizing the demand parameters by quantities that render the results dimensionless. The normalized parameters are then evaluated statistically. Only sample mean values are presented here. Typical mean spectra of normalized hysteretic energy, NHE=HE/Fyδy, for bilinear SDOF systems are shown in Figure 4. The graphs show the significant effect of system period on this parameter, particularly for higher ductility ratios. Thus, if constant NHE were a measure of equal damage, it would be prudent to limit the ductility capacity for short period structures to significantly lower values than for long period structures. What is not shown in these mean spectra is the effect of strong motion duration on NHE. It is recognized that this effect is strong, but no success can be reported in our attempts to correlate NHE and strong motion duration, even when employing several of the presently used definitions of strong motion duration. The effect of different hysteresis models (stiffness degrading versus bilinear) on NHE is illustrated in Figure 5. In general, and particularly for short period systems, the stiffness degrading model needs to dissipate more hysteretic energy than the bilinear model. The reason is simply that the stiffness degrading model executes many more small inelastic excursions than the bilinear model in which many excursions remain in the elastic range. The contribution of hysteretic energy dissipation to the total dissipated energy TDE for bilinear systems is illustrated in Figure 6. These graphs are valid only for systems with 5% damping. It can be seen that the ratio HE/TDE is not very sensitive to the ductility ratio except for low ductilities. It was found that this ratio is very stable for all records used in this study. Thus, the presented data can be used to evaluate the effectiveness of viscous damping compared to hysteretic energy dissipation in dissipating the energy imparted to a structure. As Figure 7 shows, in stiffness degrading systems a much larger portion of TDE is dissipated through inelastic deformations (hysteretic energy) than in bilinear systems, indicating that viscous damping is much less effective in stiffness degrading systems. In the context of the postulated design procedure, the energy demands illustrated here provide information to be used to modify ductility capacities by
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 means of cumulative damage models. In the design process, the need exists then to derive the strength required so that the ductility demands are limited to the target ductility capacities. These strength demands can be represented by inelastic strength demand spectra or, in dimensionless form, in terms of the strength reduction factor R, which is the ratio of elastic strength demand, Fy,e, over inelastic strength demand for a specified target ductility ratio, Fy(µ). A twostep nonlinear regression analysis was performed on the R-factors, first regressing R versus µ for constant periods T, and then evaluating the effect of period in a second step. For reasons discussed in Reference [2], the following form of R-µ-T relationship was employed: (3) For different strain hardening ratios α the following values were obtained for the two regression parameters a and b: for α=0%: for α=2%: for α=10%:
 
 a=1.00 a=1.00 a=0.80
 
 b=0.42 b=0.37 b=0.29
 
 The regression curves for µ=2, 3, 4, 5, 6, and 8 for bilinear systems with 10% strain hardening are shown in Figure 8 together with the mean values of the data points on which the regression was based. It is evident that the R-µ-T relationships are nonlinear, particularly in the short period range. For all ductility ratios the R-factors approach 1.0 as T approaches zero, and they approach µ as T approaches infinity. Relationships of this type together with mean or smoothened elastic response spectra can be employed in many cases to evaluate the inelastic strength demands. This can be done with confidence for S1 soil types, on which these relationships are based, and probably also for S2 soil types since the average Rfactors were found to be insensitive to relatively small variations in average response spectra shapes. However, these R-µ-T relationships cannot be applied to motions in soft soils which contain a signature of the site soil column. If we use these R-µ-T relationships to derive inelastic strength demand spectra from the ATC S1 ground motion spectrum, the results shown in Figure 9 are obtained. To no surprise, the inelastic strength demands are anything but constant for periods below 0.5 sec., the range in which the smoothened elastic response spectrum has a plateau. The R-factors presented in Figure 8 can be used with good confidence also for stiffness degrading systems of the type shown in Figure 3. From the statistical
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 FIGURE 4. Mean spectra of normalized hysteretic energy, NHE (bilinear, α=10%)
 
 study it was found that this type of stiffness degradation has only a small effect on the strength demands for all periods and ductility ratios. The same cannot be said about the effect of stiffness degradation on energy demands, as is evident from Figures 5 and 7. EFFECTS OF HIGHER MODES ON INELASTIC STRENGTH DEMANDS The previous section provided information on seismic demands for inelastic SDOF systems. This information is relevant as baseline data but needs to be modified to become of direct use for design of real structures, which mostly are multi-degree-of-freedom (MDOF) systems affected by several modes. For inelastic MDOF systems, modal superposition cannot be applied with any degree of confidence and different techniques have to be employed in order to predict strength or ductility demands that can be used for design. The research summarized here is intended to provide some of the answers needed to assess strength demands for inelastic MDOF systems. The focus is on a statistical evaluation of systems that are regular from the viewpoint of elastic dynamic behavior. Thus, closely spaced modes and torsional effects are
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 FIGURE 5. Ratio of NHE for stiffness degrading to bilinear systems (α=0)
 
 neglected and structures are modeled two-dimensionally. For convenience in computer analysis, all structures are modeled as single bay frames even though they are intended to represent generic structures with three distinctly different types of behavior patterns. The three types of structures are illustrated in Figure 10. The first type is designated as “beam hinge model” (strong column—weak beam model), from here on referred to as BH model, and represents structures that develop under the 1988 UBC seismic load pattern a complete mechanism with plastic hinges in all beams forming simultaneously as shown in Figure 10. The second type is designated as “column hinge model” (weak column—strong beam model), or CH model. It represents structures whose relative column strengths are tuned in a manner such that all columns simultaneously develop plastic hinges under lateral loads corresponding to the 1988 UBC seismic load pattern, resulting in the “collapse” mechanism shown in the second sketch of Figure 10. The third type is a “weak story model,” or WS model, which develops a story mechanism only in the first story under the 1988 UBC seismic load pattern, whereas all other stories are of sufficient strength to remain elastic in all earthquakes. This type of structure has a strength discontinuity but no stiffness discontinuity in the first story.
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 FIGURE 6. Contribution of HE to total dissipated energy, TDE (bilinear, α=10%)
 
 Structures with 2, 5, 10, 20, 30, and 40 stories are considered, with the first mode periods being 0.22, 0.43, 0.73, 1.22, 1.65, and 2.05 seconds, based on a constant story height of 12 ft and the code period equation T=0.02hn3/4. The base shear strength, Vy, is varied for each structure and ground motion record in a manner so that it is identical to the inelastic strength demand Fy(µ) of the corresponding first mode period SDOF system for target ductilities of either 1, 2, 3, 4, 5, 6, or 8. Applying this strength criterion permits a direct evaluation of the differences between SDOF and MDOF responses for each ground motion. A total of 5,670 nonlinear time history analyses were performed, using the 15 S1 ground motion records, 3 types of structures (BH, CH, and WS), 6 different numbers of stories, 7 different yield levels (corresponding to SDOF yield strengths for µ=1, 2, 3, 4, 5, 6, and 8), and 3 strain hardening ratios (α=0, 2%, and 10%). Response parameters obtained from the 15 records were evaluated statistically using sample means and variations. The results of this study are discussed in detail in [2], and only a few pertinent data are summarized below. Figure 11 shows typical results of mean values of story ductility ratios for the three types of structures. The graphs apply for structures whose base shear strength is equal to the SDOF inelastic strength demand for a target ductility ratio of 8. The resulting ductility ratios may be unrealistic, but this example is chosen to
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 FIGURE 7. Ratio of HE/TDE for stiffness degrading to bilinear systems (α=0)
 
 FIG. 8. Strength reduction factor for motions in S1 soil type
 
 clearly illustrate consistent trends and patterns. It is observed that the story ductility demands for the MDOF systems are largest in the bottom story (this was found to be true for most cases but not necessarily always for lower target ductility ratios) and in this story are larger than the SDOF target ductility ratio of 8 because of higher mode effects. The increase above the target ductility ratio is smallest for the BH structures and by far the highest for the WS structures. This observation was found to hold true regardless of the number of stories, the
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 FIG. 9. Inelastic strength demand spectra based on ATC S1 spectrum
 
 target ductility ratio, and the strain hardening ratio, which clearly illustrates the importance of higher mode effects and of the type of “failure” mechanism inherent in the structural system. In the postulated design procedure the objective is to limit the story ductility ratios to predetermined target values. The results illustrated in Figure 11 show clearly that the base shear strength obtained from the corresponding SDOF system is insufficient to achieve this objective. Thus, the inelastic strength demands obtained for SDOF systems must be modified to to be applicable to MDOF structures. The modification depends on the number of stories (first mode period), the target ductility ratio, the strain hardening ratio, and the type of “failure” mechanism in the structure. For the three types of structure investigated here, data of the kind presented in Figure 11 can be utilized to derive the necessary modifications [2]. Examples of derived modification factors are presented in Figure 12 for target ductility ratios of 4 and 8. The modification factors define the required increase in base shear strength Vy of the MDOF structure over the inelastic strength demand Fy of the corresponding first mode period SDOF system in order to limit the ductility ratio to the same target value. The dashed curves shown in the four graphs represent the modification factors implied by the widely used procedure of raising the 1/T tail of the ground motion spectrum to 1/T2/3 in the elastic design spectrum. This procedure was first introduced in the ATC 3–06 document [6] and is presently adopted in the U.S. Uniform Building Code. The following observations can be made from Figure 12 and similar but more comprehensive graphs presented in [2]. • The required strength modifications are smallest for BH structures. For these structures the modifications are mostly in good agreement with the ATC-3 modification provided there is considerable strain hardening (α=10%). For
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 FIGURE 10. Types of models used in this MDOF study
 
 short period BH structures the base shear strength demand is consistently lower than the corresponding SDOF strength demand, indicating that MDOF effects are not important in this range. • The MDOF strength demands for CH structures are higher than for BH structures. The required increase in strength compared to BH structures is about the same regardless of fundamental period. • The modification factor increases with target ductility ratios and decreases with strain hardening. Systems without strain hardening (α=0%) drift more,
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 FIGURE 11. MDOF story ductility demands for base shear strength corresponding to SDOF target ductility ratio of 8 (α=10%)
 
 and larger strength is required in order to limit the drift to a prescribed target ductility ratio. • The figure clearly illustrates that WS structures, i.e., structures with a weak first story, are indeed a great problem. Such structures require strength
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 capacities that may be more than twice those required for BH structures in order to limit the story drift to the same target ductility ratio. The foregoing discussion focused on a procedure that can be employed to derive design strength demands for MDOF systems from inelastic strength demand spectra of SDOF systems. The presented numerical results apply only within the constraints identified in this section and cannot be generalized without a much more comprehensive parametric study. The parameters that need to be considered include the frequency content of the ground motions (which may be greatly affected by local site conditions), the hysteretic characteristics of the structural models (stiffness degradation, strength deterioration, etc.), and the dynamic characteristics of the MDOF structures (periods, mode shapes and modal masses of all important modes, as well as stiffness and strength discontinuities). SUMMARY The research summarized in this paper is intended to demonstrate that ductility and cumulative damage consideration can and should be incorporated explicitly in the design process. Protection against failure implies that available ductility capacities should exceed the demands imposed by ground motions with an adequate margin of safety. Available ductility capacities depend on the number and magnitudes of individual inelastic excursions and need to be weighted with respect to anticipated demands on these parameters. Cumulative damage models can be employed to accomplish this. Normalized hysteretic energy dissipation is used as the basic cumulative damage parameter since it contains the number as well as the magnitudes of the inelastic excursions in a cumulative manner. Thus, demands on hysteretic energy dissipation have to be predicted. Once this is accomplished, ductility capacities are known quantities and the objective of design becomes the prediction of the strength required to assure that ductility demands will not exceed the available capacities. Basic information on the required strength (inelastic strength demand) can be obtained from SDOF studies, but modification must be employed to account for higher mode effects in real structures. The paper presents data that can be utilized to implement the steps outlined in the previous paragraph. The data show the sensitivity of hysteretic energy and inelastic strength demands to various structural response characteristics for SDOF systems, and the great importance of higher mode effects on the base shear strength required to limit the story ductility ratios in multistory structures to specified target values. The effects of higher modes was found to be strongly
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 FIGURE 12. Modifications in base shear strength required to account for MDOF effects
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 ON ENERGY DEMAND AND SUPPLY IN SDOF SYSTEMS PETER FAJFAR, TOMAŽ VIDIC, MATEJ FISCHINGER Department of Civil Engineering University of Ljubljana Jamova 2, 61000 Ljubljana, Slovenia
 
 ABSTRACT In the paper a brief overview of research results on the seismic energy demand and supply of SDOF systems, obtained in recent years at the University of Ljubljana, is presented. The first part of the paper deals with energy demand. The results of parametric studies on input energy, on the hysteretic to input energy ratio, and on the relation between hysteretic energy and maximum displacement are presented, and simple formulae, which can be used in design, are proposed. Energy dissipation capacity (supply) is defined in terms of equivalent ductility factors, which represent reduced values of ductility factors based on maximum displacement under monotonic loading. INTRODUCTION Aseismic design philosophy for ordinary building structures relies strongly on energy dissipation through large inelastic deformations. Structures are considered to have adequate seismic resistance if their limit capacity exceeds seismic demand in the case of severe earthquakes. Maximum relative displacement (or displacement ductility defined as the ratio of the maximum to the yield displacement) is the structural response parameter most widely employed for evaluating the inelastic performance of structures. Displacement ductility is also the parameter explicitly or implicitly used in most common design procedures (e.g. the Newmark-Hall method for constructing design spectra [1]). It has been
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 widely recognized, however, that the level of structural damage due to earthquakes does not depend on maximum displacement only and that the cumulative damage resulting from numerous inelastic cycles should also be taken into account. The energy input EI to a structure subjected to strong ground motion is dissipated in part by inelastic deformations (hysteretic energy EH) and, in part, by viscous damping, which represents miscellaneous damping effects other than inelastic deformation (damping energy). Dissipated hysteretic energy is the structural response parameter which is supposed to be closely correlated to cumulative damage. In the paper both seismic energy demand and seismic energy dissipation capacity (supply) of single-degree-of-freedom (SDOF) systems are discussed. A brief overview of research results obtained in recent years at the University of Ljubljana, and partially published or submitted for publication elsewhere [2–7] is presented. The paper is restricted to SDOF systems. However, inelastic spectra have been widely used in practice for the analysis of inelastic MDOF systems. Methods for the inelastic analysis of MDOF systems based on equivalent SDOF systems have been developed [9, 10]. Akiyama [11] has proposed a design method for both SDOF and MDOF systems on the basis of the energy concept. He has shown that there is no essential difference between SDOF and MDOF systems with regard to the total energy input per unit mass. Based on the above discussion, it can be concluded that the results obtained using SDOF systems, and reported in this paper, can be applied to many MDOF systems. DATA FOR PARAMETRIC STUDIES ON SEISMIC ENERGY DEMAND In order to identify the influence of the most important strong motion and structural parameters on the earthquake response of structures, parametric studies of SDOF systems were carried out. In these studies, input ground motion, as well as the initial stiffness (expressed by the natural period), strength, hysteretic behaviour and damping of SDOF structural systems, was varied. Seismic demand, expressed in terms of input energy per unit mass EI/m, the hysteretic to input energy ratio EH/EI, and the parameter γ, which represents the relation between hysteretic energy and maximum displacement, were studied and presented as functions of the natural period T. The amount of dissipated hysteretic energy was determined at a time equal to that at the end of the ground motion plus two initial periods of the system.
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 Earthquake records The influence of input motion has been studied using six different groups of records in order to take into account ground motions of basically differing types. The standard records from California and the records from Montenegro, Yugoslavia, 1979, were chosen as being representative for “standard” ground motion. The main characteristic of the Friuli, Italy, 1976, and Banja Luka, Yugoslavia, 1981, records is the short duration of the strong ground motion. The predominant periods of these records are short and fairly narrow-banded. The 1985 Mexico City records show ground motions of long duration, with long predominant periods. The duration of the 1985 Chile records is long, but their predominant periods are shorter than those of the “standard” records. A total of 48 horizontal components of records obtained at 24 different stations have been used. In a part of the study on input energy, additional records from Japan, Nahanni (Canada) and Bucharest (Romania) were used. The Japanese records were divided into two groups. 12 records from 6 stations (Japan 1) represent a collection without any specific common characteristic, whereas the main characteristic of 4 records (Japan 2) are long duration and a very short predominant period. In this respect these records are similar to records from Chile. The peak ground acceleration and velocity of these records , however, is much lower than in the case of the Chile records. The characteristics of the ground motion during the Nahanni, Canada, 1985 earthquake (the main event on December 23) are high peak accelerations, short predominant periods and short duration. Due to a combination of several shocks in the records, it is difficult to determine realistic values of strong motion duration by standard methods. The most important feature of the record obtained during the Vrancea earthquake, Rumania, 1977, in Bucharest (NS component), is a single large acceleration pulse connected with high peak ground velocity. The total number of additional records is 24. A list of all records is given in Table 1 (two horizontal components have been used in all cases). A detailed description of the records of the first five groups can be found in earlier papers by the authors [2, 3], whereas all the records are more precisely defined in [7]. TABLE 1 List of records used in the parametric studies Group
 
 Stations
 
 California El Centro 1934, El Centro 1940, Olympia, Taft, Castaic Friuli 1976 Tolmezzo, Forgaria, San Rocco Montenegro 1979 Petrovac, Ulcinj (Albatros and Olympia), Bar, Hercegnovi BanjaLuka1981 IMS, BK-2, BK-9 Mexico City 1985 SCT, Abastos, C. University, Viveros
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 Group
 
 Stations
 
 Chile 1985 Japan 1
 
 Llolleo, Vina del Mar, Valparaiso (El Almendral and UTFSM) Kochi (Apr. 1, 1968), Aomori (May 16, 1968), Murokan (May 16, 1968), Hososhima (July 26, 1970), Ofunato (June 12, 1978), Shiogama (June 12, 1978) Miyako (May 16, 1968), Miyako (June 12, 1968) S1, S2, S3 Bucharest—INCERC
 
 Japan 2 Nahanni 1985 Rumania 1977
 
 Usually, a distinctive single predominant period does not exist. A generally accepted definition of the predominant period is also lacking. The authors have applied the formula proposed by Heidebrecht [11] for the limit period between the short- and medium-period range (1) where vg and ag are, respectively, the peak ground velocity and acceleration. Structural systems The following structural parameters were varied in the studies: initial stiffness (period), strength, hysteresis and damping. The period range from 0.1 to 2.5 s was considered. The value of the strength parameter η, which is defined as the yield resistance Fy divided by the mass of the system and by the peak ground acceleration ag (2) was varied from 5 (simulating elastic behaviour) to 0.2. In some cases constant ductility was assumed throughhout the whole period region. Ductility factors equal to 2, 4, and 6 were chosen. The relation between the strength parameters η and the ductility factors µ are shown in Fig. 6d. The η-T curves represent normalized inelastic design spectra based on constant ductility. Damping can be assumed to be proportional to either mass or stiffness. In linear analysis both approaches yield the same results. In nonlinear analysis, however, stiffness degrades with damage. Consequently, damping related to instantaneous stiffness tends to decrease, whereas damping related to mass tends to increase with degrading of stiffness. How damping is mathematically modeled may have an important influence on some of the response parameters, e.g. on
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 maximum displacements and dissipated hysteretic energy. Unfortunately, in the literature it is usually not clearly stated what type of damping was assumed. It is believed that mass-proportional damping is more often used. According to Otani [12], however, it is not realistic to expect mass-proportional damping in an actual reinforced concrete structure. In our study both mass-proportional viscous damping and viscous damping proportional to instantaneous stiffness (2 and 5 per cent) were used. Altogether, eight hysteresis models were investigated (Fig. 1). Six of them simulate predominantly flexural behaviour: the elastoplastic, the bilinear, the Qmodel and three variants of Takeda’s model with a trilinear envelope (they differ according to unloading stiffness and envelope shape). Shear behaviour has been simulated by two variants of the shear-slip model. The results of the parametric study of different structural parameters are presented as mean values from the 20 records (the U.S.A. and Montenegro groups) representing “standard” ground motion. The average predominant period for these records is roughly T1=0.5 s. A system with η=0.6, Q-hysteresis and 5 per cent damping proportional to instantaneous stiffness was chosen as the basic “average inelastic system”, which is supposed to represent an average reinforced concrete structure with a natural period in the medium-period region, designed according to the codes. (In the parametric study on input energy, which was carried out in the first phase of the parametric study, exceptionally 5 per cent of mass-proportional damping was assumed in the “average inelastic system”.) In this system, the parameters were varied one by one. In addition, some other combinations of parameters were also investigated. INPUT ENERGY Uang and Bertero [13] have called attention to the difference between “absolute” and “relative” energy formulations, which is important in the very short and very long period ranges. In this study, the “relative” energy formulation has been used. Relative input energy is defined as the work done by the equivalent force (mass multiplied by ground acceleration) on the equivalent fixed-base system. The effect of the rigid body translation of the structure is neglected. The results of the parametric study have confirmed the conclusion drawn by some other investigators (e.g. Akiyama [10], Zahrah and Hall [14]) that maximum input energy per unit mass, which is imparted to systems with the natural period in the vicinity of the predominant period of ground motion, is a relatively stable parameter. It is (having in mind the large uncertainties associated with the majority of parameters in earthquake engineering) hardly dependent on damping (Fig. 2a), hysteresis (with the exception of the extreme
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 Figure 1. Hysteresis models (a) elastoplastic, (b) bilinear, (c) Q-model, (d) Takeda 1, (e) Takeda 2, (f) Takeda 3, (g) shear-slip 1, (h) shear-slip 2
 
 shearslip model, Fig. 2b) or the strength of the structure (with the exception of peak values in elastic structures, Fig. 2c). When comparing inelastic and elastic (η=5) spectra, a smoothing effect of inelastic behaviour can be observed
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 Figure 2. Mean input energy spectra (in the “average inelastic system” with 5 % massproportional damping, the parameters are varied one by one) (a) influence of damping, (b) influence of hysteresis, (c) influence of strength, (d) influence of input motion. All input motions are scaled to
 
 where vg is in cm/s and tD is in seconds
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 (Fig. 2c). A shift of the input energy curves to the shorter periods occurs as the strength and/or the “fatness” of the hysteresis loops decrease. This shift can be physically explained by a change in the effective period due to inelastic behaviour. It is larger in the case of strongly non-linear behaviour, typical for a system with lower strength and hysteresis with low “fatness”. The mean spectra of input energy per unit mass, based on constant ductility, are shown in Fig. 6a for the group representing “standard” ground motion (the U.S.A. and Montenegro groups). Three values of ductility (µ=2, 4 and 6) and two hysteretic models (bilinear and Q) were used. The input energy per unit mass for elastic system (µ=1) is shown for comparison. 5 per cent instantaneous-stiffnessproportional damping was assumed. It should be noted that in Fig. 6a a linear scale has been used on the energy axis, whereas in Fig. 2 a logarithmic scale was used. For this reason the peaks corresponding to the elastic system and to the system with low ductility (high strength) are more pronounced. In contrast to the minor influence of structural parameters, shown in Figs. 2a, 2b, 2c and 6a, maximum input energy per unit mass is highly dependent on ground motion. Proper scaling of the accelerations should be used to eliminate this influence as far as possible. The scaling factor can be derived from formulae for the determination of input energy as a function of ground motion parameters. Such formulae have been proposed by Kuwamura and Galambos [15], Fajfar et al [2], Uang and Bertero [13] and Guo and Nishioka [16]. Akiyama [10] has proposed a simple procedure for determination input energy spectra based on the input energy imparted to elastic systems with 10 % damping. As an alternative, he has given simple formulae for input energy as a function of the intensity of earthquake and of the ground soil conditions. A detailed discussion of the different proposals is presented in paper [7]. Here only expressions from [15] and [2] will be shown. After some transformations, the formula proposed by Kuwamura and Galambos [15] can be written in the form (3)
 
 where EI is the input energy at the end of the excitation, m is the mass of the system, T1 is the predominant period of the ground motion, a(t) is the ground acceleration as a function of the time t, and t0 is the duration of the complete ground motion. In Fig. 3a the relation (3) is compared with maximum values of input energy spectra for the “average inelastic system” (with mass-proportional damping)
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 determined by dynamic analysis for the 72 different input motions listed in Table 1. T1 in Eq. (3) was determined according to Eq. (2). It can be seen that generally Eq. (3) yields too low an estimate of the maximum input energy. A modified formula for input energy per unit mass is proposed (3a) In Eq. 3a it has been assumed that the predominant period T1 is proportional to the peak ground velocity to acceleration ratio (see Eq. 2). The coefficient of variation is 0.4. It should be noted that the choice of another structural system would not influence the results noticeably. According to [2], the maximum input energy per unit mass can be estimated from the formula (4) where tD is the duration of strong ground motion in seconds, according to Trifunac and Brady [18]. This empirical formula is the result of a statistical study, where 5 groups of ground motions were used (U.S.A., Montenegro, Friuli, Mexico and Banja Luka) (Fig. 2d). The mean coefficient of variation is about 0.5. Input energy per unit mass, computed according to Eq. (4), is plotted in Fig. 3b and compared with the maximum spectral values of the “average inelastic system”. It can be seen that the dispersion of results is larger than in the case of Eq. (3a). Eq. (4) is apparently not suitable for the types of ground motion recorded in Chile, in Japan (group 2) and in Bucharest, i.e. for long duration ground motion with a short predominant period and for ground motion with a single large peak connected with a long pulse. In the first case the approximate results are too small and in the second case they are too large. In the case of usual ground motion, however, Eq. (4) can be easily used in design. Peak ground velocity is perhaps the most stable ground motion parameter, and the order of magnitude of the duration of ground motion can usually be easily predicted. This is not the case with the integral in Eq. (3). The input energy according to Eqs. (3) and (4) represents the mean values of the maximum input energy which corresponds to a structure with a natural period in the vicinity of the predominant period of the ground motion T1. Usually it is conservatively assumed ([10, 15]) that input energy is constant in the whole medium- and long-period ranges (i.e. for all periods longer than T1). The authors [4] assumed less conservatively that the input energy in the long-period region decreases with an increase of the natural period T.
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 In the short-period region input energy is highly dependent on various structural parameters. According to Akiyama [10] a linear relationship between equivalent velocity and period can be used as a rough approximation. The same assumption was made by Kuwamura and Galambos [15]. The authors of this paper believe that a more realistic approximation dependent on strength and hysteretic behaviour will be needed for a design procedure based on the energy concept. HYSTERETIC TO INPUT ENERGY RATIO The hysteretic to input energy ratio is a convenient parameter for the determination of hysteretic energy, provided that the input energy is known. Several investigators have studied the EH/EI, ratio recently. Zahrah and Hall [14] found that the proportion of input energy dissipated by yielding increases as viscous damping decreases and as the displacement ductility of a system increases. Similar observations have been made by Akiyama [10]. Based on these observations he proposed a formula for determining EH/EI as a function of viscous damping and strength rather than ductility. As a rough approximation, Akiyama proposed also a simplified equation, neglecting the influence of strength. Another expression for EH/EI as a function of viscous damping and cumulative ductility was proposed by Kuwamura and Galambos [15]. Nariyuki et al [18] have observed that the relation EH/EI versus period is not influenced by differences in the earthquake ground motion provided that the periods are properly scaled. According to Krawinkler and Nassar [19], the EH/EI ratio based on constant ductility decreases slightly with period and increases with the ductility ratio. Selected results of the parametric study performed by the authors are presented in Fig. 4, which is based on constant strength. The EH/EI ratio generally has its peak values in the short-period range, where the periods are shorter than the predominant period of the ground motion T1 In the medium- and long-period range, where the periods are longer than T1 the EH/EI ratio decreases as a period increases. One of the most important parameters influencing the EH/EI ratio is damping. The result of a decrease in viscous damping is an increase of the EH/EI ratio over the whole period range (Fig. 4a). It is important to realize that the EH/EI ratio is noticeably influenced by the mathematical modeling of viscous damping. In the case of inelastic analysis mass-proportional damping dissipates more energy and is thus more effective in reducing hysteretic energy. This tendency is larger for a system in the short-period range. Systems with longer natural periods experience less stiffness degradation and the influence of the damping model is less
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 Figure 3. Maximum values of input energy per unit mass imparted to the “average inelastic system” with 5 % instantaneous-stiffness-proportional damping for the records listed in Table 1 (a) Comparison with Eqs. 3 and 3a (b) Comparison with Eq. 4.
 
 important. In the parametric study mainly damping proportional to instantaneous stiffness has been used. It is considered to simulate the behaviour of a structure
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 more realistically. The influence of different kinds of hysteretic behaviour can be observed in Fig. 4b. It can be seen that the type of hysteretic behaviour has a surprisingly small influence in the case of instantaneous-stiffness-proportional damping. This is not the case if mass-proportional damping is used [5]. An important difference can be observed only in the case of Takeda’s hysteretic rules where trilinear envelopes were used. The period T in the figures corresponds to the initial stiffness, i.e. the stiffness before cracking in the case of a trilinear envelope. If an equivalent stiffness or the yield stiffness was considered, the difference between the two sets of curves, corresponding to bilinear and trilinear envelopes, would disappear. The influence of the strength of a system can be seen in Fig. 4c. It is usually believed that EH/EI decreases with an increase in strength (or with a decrease in ductility). It was surprising to find that this is not always the case. The maximum EH/EI ratio is, with exception of a system with very high strength (η > 1), a reasonably stable quantity which is practically independent of the strength of the system. The decrease of the EH/EI ratio in the medium- and long-period range, however, depends strongly on strength. A system with low strength experiences large inelastic excursions and dissipates more hysteretic energy than a system with high strength and the same stiffness. The mean values of EH/EI for different groups of records are shown in Fig. 4d. It can be seen that the maximum EH/EI values are more or less the same for all groups of records. The value of the predominant period T1 however, strongly depends on the type of ground motion. EH/EI versus T relations (mean values) based on the assumption of constant ductility were calculated for the group of records representing “standard” ground motion. The results, shown in Fig. 6c, indicate that the EH/EI ratio will be practically independent of the period T if constant ductility is assumed. An increase in EH/EI with increasing ductility can be observed. This increase, however, is very small, unless ductility is very low. The coefficients of variation obtained in the parametric study of the EH/EI ratio are much smaller than those corresponding to input energy. Their value is in most cases below 0.1. Based on observations obtained in the parametric study, the following values are proposed as an upper bound for the hysteretic to input energy ratio EH/EI=0.8 EH/EI=0.9
 
 for 5 per cent damping for 2 per cent damping
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 Figure 4. The mean ratio of hysteretic to input energy versus period (in the “average inelastic system” with 5 % instantaneous-stiffness-proportional damping, the parameters are varied one by one) (a) influence of damping, (b) influence of hysteresis, (c) influence of strength, (d) influence of input motion
 
 In the case of mass-proportional damping the values should be smaller. The same is true if the strength parameter is large (e.g. η ≤ 1.0) and/or the ductility factor is small (e.g.
 
 ON ENERGY DEMAND AND SUPPLY IN SDOF SYSTEMS 61
 
 THE RELATION BETWEEN HYSTERETIC ENERGY AND MAXIMUM DISPLACEMENT For the determination of equivalent ductility factors, which are discussed in the next chapter, the relation between maximum displacement and hysteretic energy must be known. This relation has so far not attracted much attention. Only a paper by Hirao et al [20] is known to the authors. The first author [6] has introduced the dimensionless parameter γ
 
 (5)
 
 where EH is the dissipated hysteretic energy, D is the maximum displacement, m is the mass of the system and ω is its natural frequency. The parameter γ controls the reduction of the displacement ductility due to low-cycle fatigue, as shown in the next chapter. Selected results of the parametric study on the parameter γ are shown in Figs. 5 and 6f. The influence of damping is shown in Fig. 5a. It can be seen that the parameter γ is practically independent of both the mathematical modeling of the damping and of the damping coefficient. As far as the influence of different hysteresis rules is concerned (Fig. 5b), bilinear and ideal shear-slip (model 1) hystereses represent the bounds of all investigated models (Fig. b). Hystereses simulating the flexural behaviour of steel structures (bilinear and elastoplastic) result in higher values of γ than those typical for the flexural behaviour of reinforced concrete structures (Q- and Takeda’s models). It can be concluded that, generally, the value of γ increases with an increase in the “fatness” of the hysteretic loops. The relatively large influence of the strength of a system can be seen in ) is required Fig. 5c. For code designed structures, high strength (typically in the short-period region, whereas low strength (typically η 1.00
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 Loss of shear/ axial capacity
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 Acc. to Anagnostopoulus et al. (1989) Acc. to Park et al. (1985) 3 Acc. to Bracci et al. (1989) 2
 
 QUANTIFICATION OF DAMAGE In the study of structural damage, a large number of indicators were proposed. Chung, Meyer an Shinozuka (1987) summarized the state-of-the-art, pointing to definitions of damage indicators for individual members (or local) and overall indicators (or global). Several new indicators were proposed after 1987 based on similar approaches. A brief review is presented in the following for the sake of completion. Most of the indicators compare achieved performance of members to the largest capacity of same performance quantity. Bertero and Bressler (1977) suggest a weighted ratio of deformation response (demand) versus capacity of members as local damage indicators. This index relates almost entirely to the ductility of members without relation to the strength and stiffness deteriorations of beams and columns. Bertero et al. (1977) suggests the concept of weighted accumulations of damage in the evaluation of global indicators from the local ones, based on their importance and service history. Lybas and Sozen (1977), Roufaiel and Meyer (1985), DiPasquale and Cakmak (1989) and others, suggest local and global damage indices which compare actual stiffness degradation with
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 maximum possible stiffness degradation. However depending on the definition of such stiffness (either equivalent or actual) the indicator has limited sensitivity in case of severe strength deterioration due to repetitive loading as occurs during earthquakes. As an alternative (or in addition), Blejwas and Bressler (1979), Krawinkler and Zohrei (1983), Roufaiel and Meyer (1985) and others monitor the actual permanent plastic deformations in comparison to the largest permanent deformations of members before collapse in order to quantify the damage. Gosain (1977), Hwang and Scribner (1984), Darwin and Nmai (1986), Meskouris and Kratzig (1987), McCabe and Hall (1989) use a ratio of the work done or the energy consumed during a seismic event in respect to the total energy capacity of the member. These indicators produce good results incorporating the influences of both strength and deformations of members, however have some limitations in recognizing damage due to small inelastic excursions and influence of repetitive loading on the strength and stiffness deterioration of members. Banon, Biggs and Irvine (1981), Park Ang and Wen (1985), Bracci et al. (1989) use an index which consider both deformation ratios and energy ratios to quantify the members’ damage. These indicators imply information on strength and stiffness deterioration and member fatigue. Chung, Meyer and Shinozuka (1987) suggest an index based on an accelerated Miner’s rule based on low cycle fatigue in which the actual working cycles and the fatigue cycles are derived from a member hysteretic rule. This index, although most complex, has a limited direct correlation to the observed parameters of a member during severe load reversals, such as permanent deformations and strength degradation. A NORMALIZED DAMAGE INDICATOR A newly proposed damage model utilizes the concepts of consumption and available damage potential. Damage potential (Dp) is the total capacity of the component to sustain damage. Damage consumption (Dc) is that portion of the available capacity that is lost or dissipated during the course of the applied load history. Failure of a component by purely monotonic loading represents an upper bound behavior. At the other extreme is the low cycle fatigue at a given amplitude of deformation, which represents a lower bound, as shown in Fig. 1. The damage potential, D p , of an RC structural component is defined as the total area enclosed by the monotonic, f m ( ), and the failure, f f ( ), envelopes: (1)
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 Fig.l. Conceptual Model of Damage
 
 where is the curvature and u is the ultimate curvature. Consider a RC component for which the results of a cyclic test are available. (See Fig. 1a). A new curve defines the current damage level of the component, f c( ). This function represents a dynamic upper-bound envelope that is constantly dropping as a consequence of inelastic cyclic deformation. The positive and negative unloading stiffness paths delimit the unrecoverable deformation. Two components of damage are defined as follows (Fig.1b): the first corresponding to strength-loss and the second arising from deformation related damage. Strength damage, Ds, is defined as the loss of damage potential due to strength deterioration and hysteretic dissipated energy. Deformation damage, D d , accounts for the irrecoverable permanent deformations: (2 ) where a represents the line joining f max and f fmax in Fig.1b. The cumulative effect of strength damage and deformation damage is termed damage consumption. A structural Damage Index (DI) is, therefore, defined as the ratio of the damage consumption to the damage potential: (3) Application of Damage Model to RC Members. Consider a component whose force-deformation history at member ends is known. The peak deformation attained is M max, max, as shown in Fig.2. The force and deformation at yield and ultimate levels for monotonic loading are established either through the use of empirical equations or some micro-modeling scheme. The inelastic failure envelope should come directly form experimental testing. However, experimental data is limited. Consequently, only theoretical
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 Fig.2. Implementation of Model for Bi-linear Idealization
 
 possibilities based on observed patterns of fatigue failure for metals, and some limited data on concrete, can be postulated (Bracci et al, 1989). One possibility is to assume the backbone (upper bound) curve for a RC member can be idealized by a bi-linear relationship, with a transposed form of the monotonic yield surface forming the lower bound curve. Using this bi-linear idealization with the same envelope characteristics in compression and tension, the following simplified expression results for the Damage Index: (4) and as where: shown in Fig.2. (In terms of ductilities, D1=(µD−1)/(µC−1) where µC is the and µD is the ductility demand ductility capacity corresponding to . When carrying out a damage analysis of a corresponding to member, D2, relates to the strength loss (∆M=m2−m1) due to cyclic loading may be evaluated using the following relationship: (5) where y is the yield curvature (or displacement), ∫ d E is the total energy absorbed by the member (equal to the sum of the area enclosed within the hysteresis curves) and k is a strength deterioration factor. From a regression analysis of reinforced concrete members with differing amounts of longitudinal (ρl) and transverse reinforcement ratios (ρw), and axial load (Pe), an empirical strength deterioration relationship is found in the form:
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 (6) A 24% coefficient of variation between experimental and empirical prediction was obtained. Damage Model Verification Using Observed Test Results. In order to investigate the validity of the different failure modes predicted by the proposed damage model, it was considered necessary to verify the model against component tests in which the experimental failure point could be precisely defined. Mander, Park and Priestley (1983) tested near full-sized hollow column (piers) specimens under varying levels of axial load with differing amounts of confining steel. A good photographic record of the tests at various levels of ductility was also available, thus enabling a visual description of damage at various stages of loading to be correlated with the Damage Index. Each column specimen had the same height, cross section and wall thickness of 3.2 m, 750 mm and 120 mm, respectively, and a constant amount of longitudinal reinforcement (0.0155). Each specimen was tested in a quasi-static fashion consisting of two complete cycles each at displacement ductility factors of , unless premature failure of the specimen occurred. Table 2 presents the evaluation of the control parameters based on the specimen characteristics. Using the control parameters together with digitized data of the forcedisplacement hysteresis loops (Fig. 3), the amount of damage that occurred in each component was analyzed. Fig. 3 presents the results of the damage analysis (where ∑∆a is with respect to cumulative displacement ductility, the sum of the total displacements) for Columns A, C and D, respectively. Table 2. Results of Damage Analysis Control parameters used in damage analysis Column Pe/fcAg A C D
 
 0.1 0.3 0.3
 
 Results of damage analysis
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 ∆y
 
 ∆u
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 Eq (4)
 
 Eq (4)
 
 0.21 0.31 0.21
 
 14 13 13
 
 260 150 90
 
 0.0067 0.0112 0.0123
 
 0.5 1.0 1.0
 
 1.00 0.69 0.20
 
 1.0 1.0 1.0
 
 Damage analysis results of three of the columns tested by Mander et al. (1983) are summarized in Table 2. The results clearly show that the members failed due to the combined effects of deformation (D1) and strength loss damage (D2) caused by cyclic loading, which confirms the foundation of the proposed
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 Fig.3. Damage Analysis of tested columns (Ref.[15])
 
 damage model. The deformation damage isprimarily related to the ultimate deformation and to some extent the unloading stiffness. The strength damage is
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 related to strength loss from cyclic loading and the amount of energy dissipated by the component. Based on the above study and on additional similar experimental results and numerical simulations, a correlation between the damage index and the damage states is suggested and shown in Table 1 (column (4)). These damage limits can be used as design targets. STRENGTH REDUCTION FACTORS FOR DAMAGE CONTROL Many of new seismic codes (NEHRP, (1989)) adopted the strength capacity requirements as a function of the elastic strength demand, ie: (7) where FD is the design strength capacity, FEL is the elastic strength demand and RD is the strength reduction factor (or the response modification factor). It should be noted that in this discussions no other factors are included explicitly in the response modification factor such as overstrength, uncertainties, etc. To emphasize the importance of the strength reduction factor let assume that no reduction is permitted (ie. RD=1). In such case the structure would respond elastically without yielding of reinforcement and without permanent deformations, merely without damage. However, selecting a reduction factor larger than unity (ie. RD>1), the strength level of the structure will be such that permanent deformations and damage will appear. Only structures capable to withstand large plastic deformations (ie. having sufficient ductility capacity) may withstand the earthquake demands with little damage. Hidalgo and Arias (1990) prepared for the Chilean seismic code a relation which links the ductility demands with the strength reduction factors based on study of earthquake response done by Ridell et al. (1989). (8) where T, To and µD are the structure’s fundamental period, the soil’s period and the displacement ductility demand, respectively. The proposed reduction factor mentioned above fits also the relation developed by Osteraas and Krawinkler (1990): (9)
 
 82 NONLINEAR SEISMIC ANALYSIS AND DESIGN OF REINFORCED CONCRETE BUILDINGS
 
 where C=1.35+.211/T and α=.972+.185/T. These relations fit both short and long period structures. Osteraas and Krawinkler suggest the use of the strength reduction factors and the ratio of local to global overstrength such that the ductility capacity will exceed the ductility demand. It is obvious that if the ductility demand is equal or larger than the ductility capacity the structure will suffer irreparable damage and probably will collapse. If damage control and reduction is desirable, the ductility capacity should exceed substantially the ductility demand. Assuming that the damage index can be obtained from Eq.(4), the term related to the ductilities can be expressed as follows: ( 1 0 ) Using the expressions in Eq (9) and in Eq (10), the strength reduction factor can be obtained a function of the ductility capacity as follows: (11) The relation above indicates that the strength reduction factor is a function of the damage indicator, D.I., and the strength deterioration (or energy absorption) factor, D2. In the design process the damage index, D.I., can be chosen to fit a desired targeted damage limit (as defined in Table 1) while the energy absorption factor, D2, can be estimated for the structural system from the ground motion parameters. Therefore the ductility capacity, µc, and the strength reduction factor RD become explicitly correlated. Inspecting the relation in Eq (11) it is possible to note that the strength reduction factor RD tends to unity for a performance without damage (D.I.=0 and D2=0). However, for a targeted collapse, , for which the ductility capacity equals the ductility demand, µC=µD independently of the energy dissipation, the strength reduction factor is reduced to the original relation in Eq.(9). The relation in Eq. (9) is compared in Fig. 4 to the results of earthquake performances of typical bridge piers, having various ductility capacities and subjected to simulated ground motion. The simulations were obtained using 20 realizations of Caltrans design spectrum for deep alluvium soil in seismic Zone 7. Two cases are studied (i) a tall pier ( T=0.60 sec) and (ii) a short one (T=0.20 sec). A good correlation is observed between the simulated performances (Fig.4a, b) and the ones approximated by Eq.(11) (Fig.4c, d). The approximation
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 was done for strength reduction damage factors D2 of 10% which correspond only approximately to the ones calculated by simulations. This is also one of the sources of discrepancies between the simulation and the approximations. It should be noted that the damage is more severe for piers which have low ductility, a well known fact, however using low reduction factors it is possible to keep this damage within acceptable limits for the taller columns (see Fig. 4b). It is very difficult however to control the damage in the short columns even using low reduction factors (see Fig 4a). The energy dissipation during cyclic loading can be linked to strength deterioration as was mentioned in the previous section. Various materials respond differently to such dissipation. Steel members or highly reinforced concrete elements show a relatively small strength deterioration associated to the energy dissipation while masonry walls or low reinforced concrete elements show large strength deteriorations. The importance of the energy dissipation for deteriorating members can be observed in Fig.5. The strength reduction factors (RD) for various damage limits are influenced by the component of strength degradation (D2). If the serviceability limit is used for comparison, it is observed that For elements with larger strength deterioration the admissible strength reduction factors are significantly reduced. For large values of strength deterioration (D2), repairability can be achieved only if no strength reduction factor (RD=1) is used. Design of R/C Elements: Using relation in Eq.(11) design charts accounting for damage control can be developed for structural members (see Fig 6 for charts developed for highly reinforced members). It can be noted that for a targeted ductility capacity of 3, one should use a reduction factor of near 2 for a repairable short column (Fig 6a) or a reduction factor of near 3.5 for a very tall column (Fig.6b). It is clear that providing same ductility but using larger reduction factors the expected damage can be beyond repair. DISCUSSIONS AND CONCLUSIONS The expected seismic damage of structures has been used to control the design process. This paper defines a way to quantify the seismic damage from the deformations and the energy dissipated by structural members and suggests to use this damage as a limit criterion in establishing their strength and ductility. It is shown that the strength deterioration due to energy dissipation is very important in the selection of proper strength reduction factors. Structures prone to quick strength loss having sufficient ductility should use smaller reduction factors if low damage is desired. It was shown also that short period structures (or stiff masonry members) are extremely sensitive to the reduction factors, ie small
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 Fig.4. Damage Index related to ductility and strength reduction
 
 reductions used in the design may lead to damageable structures beyond repair. Longer period structure may be designed using larger reductions. It can be concluded that using damage states as seismic design targets, it is possible to obtain more suitable reduction factors and ductility requirements essential for reinforced concrete structures. Damage indicators that consider the energy dissipation reflected in the strength and stiffness deterioration can be used successfully to control the design parameters.
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 Fig.5. Influence of strength deterioration on reduction factors
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 Fig.6. Design charts for strength reduction factors (D2=10%)
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 ABSTRACT The seismic verification of structures subjected to high intensity ground motions requires on the one hand the definition of a suitable deterioration model of the structure, and on the other hand the definition of a damage function; structural collapse is expected if this function becomes greater than 1 during the seismic event. In this paper a review of the models used in non linear seismic analysis is presented; in particular the classic elastic-perfectly-plastic model is considered as reference-models, and the other models are classified as non-evolutionary and evolutionary, and degrading and non-degrading. Thus, some of the function previously developed are critically analyzed, with particular reference to the maximum ductility, cumulative dissipated energy, their possible combinations and linear cumulative damage theory function. The response spectra in terms of acceleration are given, considering some significant acceleration records, and a comparison between the results relative to the different evolutionary models and definition of the seismic failure is provided. Finally, first results about a new evolutionary-degrading general model are provided.
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 INTRODUCTION The verification of structures subjected to high intensity ground motion can be performed by means of the following steps: (1) definition of a model that actually represents the cyclic behaviour of structure under examination; (2) definition of a “Damage Function” that actually represents the cyclic behaviour of the structure; (3) evaluation of the values of the function that are “compatible” with the safety of the structure, in relation to the materials and to the structural system analyzed; (4) evaluation, with reference to the local site conditions and suitable attenuation laws, of the expected destructive earthquake, and, by means of theoretical nonlinear dynamic analysis, of the values of the function “required” to avoid the failure. The seismic check is, hence, performed by means of the comparison between the “compatible” and the “required” values of the damage function; in the case of “Normalized Functions” the required value of the damage function must be less than unity. With reference to the choice of the structural model, we can observe that models that are completely indifferent to the evolution of the strain cycles and to the structural damage exist; for example, elastic-perfectly plastic model belongs to this class. Other models exhibit unloading and/or reloading rules depending on the maximum values of the previously deformations; this class is represented by models like Clough-Johnston [11], Slip, Q-model [37], origin oriented model [16, 29, 36] etc.. An other class is represented by models that degrade with cycles; the most widely used seem to be the Wen model [3, 4, 32, 43, 44]; very interesting general model is also given in [25], and, with specific reference to r.c. sections, in [8, 9, 10, 20, 28] and in [35]. With reference to the choice of an optimum damage function described at point (2), it is necessary to observe that different levels of damage function definitions exist. The simplest definition requires the use of a unique global parameter; the most widely used is relative the “maximum ductility”, i.e. the maximum amount of the plastic displacement, adequately non-dimensionalized. Another choice of global parameter is obtained considering the cumulative dissipated energy or the input energy [1, 2, 17, 40, 42]. These global approaches, that have the merit of simplicity, may be subjected to criticism, because they completely neglect the real loading history. In other words, the ductility criteria considers only the maximum displacement cycle, without any information with regard to the other cycles; at the opposite side the dissipated energy criteria considers the total amount of the plastic dissipation, independently by the cumulative modality.
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 From the experimental point of view, we can affirm that both the hypothesis are often far from the reality. More realistic results may be obtained considering the combination, linear or non-linear, of these couple of damage parameters; for this scope some authors suggest the choice of a damage function which considers both the maximum inelastic displacement and the dissipated energy [6, 7, 30, 31], by means of formulation tried by experimental data. Very effective is considering, even if in approximate way, the distribution of plastic cycles [12]; some authors consider this distribution of the inelastic cycles by means of the linear cumulative damage theory [23, 24, 26, 34, 45, 46]. In these formulations, the damages due to different plastic deformations are accumulated, using an adequate weighting function; in this way, a damage function which considers the effective distribution of the plastic cycles is defined, although the exact order of the plastic deformations is not considered; the weighting function provides a major importance to the greatest deformations, and a minor importance to the lowest deformations. As first limit case, if all the plastic deformation have the same importance, the damage function gives the same results of the energy one; in the opposite limit case, only the maximum deformation cycle is considered and the function provides the same results of the ductility one. A more sophisticated damage function can be provided considering the sequence of the different plastic rates [8, 9, 10]; in this way it is possible to obtain an interesting extension of the linear cumulative damage theory. In all the definitions introduced, it is postulated that different loading histories that lead to the same damage function, exhibit the same structural deterioration. Therefore, with reference to the point (3), the limit value of the damage function can be evaluated by means a monotonic test brought up to failure. With reference to the point (4), furthermore, the analysis can be performed evaluating the acceleration that leads the damage function to the unity, and that, hence, leads the structural model to the seismic collapse. It is than possible to define collapse spectra associated to the given definition of damage function. THE CLASSIFICATION OF THE STRUCTURAL MODELS UNDER CYCLIC LOADING Structural models under cyclic loading are characterized by the following definitions: 1) definition of monotonic envelop; the envelop under cyclic loading is generally assumed to coincide with the monotonic envelop;
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 2) definition of the unloading rules; in the simplest case we assume that the unloading is linear; 3) definition of the reloading rules; the reloading may follow complicate rules and can generate slip, pinching, etc. By means of the specification of these definition we can consider the following classes of models: Ia) non-evolutionary models; Ib) evolutionary models: and: IIa) non-degrading models; IIb) degrading models. The evolutionary models are characterized by reloading depending on the actual strain; in other words the reloading rules depends on the status (but not on the damage) of the system. Example of non-evolutionary model are the elasticperfectly-plastic (EPP) and elasto-plastic with hardening (EPH) or softening (EPS) models. Evolutionary models are the origin oriented model [16, 29, 36], Clough-Johnston model [11], Slip model, Q-model [37] etc. It should be noted that EPP, EPH and EPS, from a theoretical point of view, are completely different from the others; in fact they are characterized by unloading and reloading that are elastic or, in other words, without residual plastic deformations; as a consequence the plasticity of these models is active if and only if the plastic bound (ultimate strength) is reached. In the other models residual plastic deformations may occur also on the reloading branch, without to reach the plastic bound: as a consequence these models are completely out from the classic plasticity theory frame. The degrading models are characterized by unloading and reloading rules depending on the damage state of the system; in other words a non-degrading model subject to equal amplitude strain cycles provides always the same cycle; on the contrary a degrading model subject to equal amplitude strain cycles provides a behaviour that progressively degrade, as a function of the damage function which governs the problem, up to the failure. Example of this couple of different behaviours is given in Fig.1. It seems interesting to observe that all the evolutionary and non-evolutionary models indicated previously may be both degrading or non-degrading; for example, the case of elastic perfectly-plastic model with degrading unloading provides the model analyzed in the damage continuum mechanics, where
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 Fig. 1 Failure models with different deterioration behaviour [24].
 
 plasticity is always uncoupled from elasticity, but where elasticity continuously degrades. Even if the experimental behaviour of structure is often of degrading type, with rules that evolve with the progressive damage, the evolutionary degrading models are scarcely used in the technical literature; some of these are presented in [3, 4, 32, 43, 44] and [25]. Both models provide a deterioration related to the plastic dissipated energy; in particular in the second model the parameter β (see next section) plays an important rule. More general models for r.c. structures are presented in [8, 9, 10] and [35]. The analysis of seismic behaviour of evolutionary models plays a very important role for the complete understanding of the seismic behaviour of structures; on the other hand, in a general context, the deterioration of the model has to be related to the general concept of damage function and not necessarily to the plastic dissipated energy. For this reason final sections of this paper will be devoted to the development of a general evolutionary model that, as particular case, may provide non-degrading models. THE DEFINITION OF THE DAMAGE FUNCTIONS In the following the term “Damage Function” will be used to define a function that is defined on the space of parameter considered of interest in the cyclicseismic phenomena (maximum deformation, plastic dissipated energy, etc.) and with value in the real field; in the case of “Normalized Damage Functions” it assumes the value 0 in the case of absence of structural damage and the value 1 in the case of failure.
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 Fig. 2 Elastic-Perfectly Plastic (EPP) model.
 
 Among the different damage functions defined in technical literature we can use the following classification: 1) one seismic parameter functions: ductility (monotonic or cyclic) method or plastic dissipated energy method. 2) two seismic parameters functions: ductility plus plastic energy; 3) low cycle fatigue methods. Class 1) of damage functions is represented by ductility or dissipated energy; in particular the most widely used structural damage parameter is the cinematic ductility (cfr. Fig.1): (1) where xamax denotes the maximum plastic displacement of the structural model, and xy the yielding displacement. Due to the frequent variations of the signs of seismic acceleration, the response is characterized by plastic cycles with different sign displacements; for this reason the maximum (positive) or the minimum (negative) value of the displacement, in some cases, does not seem to be the most realistic measure of the plastic deformation of the model. To quantify, hence, the maximum plastic engagement, it is convenient to define the cyclic ductility [27] in the following way (Fig. 1): (2)
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 where xmax,c denotes the maximum plastic excursion independently from the sign. A well defined damage function Dµ can be immediately associated to the definitions of cinematic or cyclic ductility; defining the allowable value of the by means of a monotonic test, the damage function may ductility be defined as: (3) The choice of the cinematic or cyclic ductility as damage measure is equivalent to assume that the collapse of the structural model is expected for maximum plastic displacement, independently from the cycles number and the amount of dissipated energy. Experimental tests have shown that this type of behaviour may represent satisfactorily the structural deterioration in the case of cycles characterized by one cycle with large plastic displacement, and the others with a little amount of plastic engagements. If the loading history is characterized by many cycles with large amount of plastic deformation, or the structure has a little attitude to dissipate energy, the failure depends, beside the maximum displacement, on the total amount of plastic dissipated energy Eh. This energy is normalized, thus becoming comparable to the ductility, by the definition of hysteretic ductility [27]: (4) where Fy is the strength of the structural model. The value of the corresponding normalized damage function DE may be defined, analogously to the cinematic and cyclic ductility, evaluating experimentally the allowable hysteretic ductility µe,u,mon in a monotonic test. This value, in the elasto-plastic model, is equal to µu,mon.. DE has hence the following expression: (5) Class 2) provides more realistic damage functions, which consider in the deterioration both the effect of the plastic displacement and of the plastic dissipated energy; in particular, with reference to the reinforced concrete elements, with combined axial load and bending, Banon et al. [6, 7], and Park & Ang [30, 31] consider this type of functions that have also the great advantage to
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 be defined by means of one combination parameter that may be calibrated by experimental results. In the first case the two damage parameters D1 and D2 are defined, respectively as the ratio of the stiffness at the yielding point to the stiffness at failure, and the plastic dissipated energy normalized respect to the elastic one; in the elastic-perfectly plastic model he value of D1 is obviously equal to the ratio of the maximum displacement to the yielding displacement. Thus, with the symbolism previously introduced, we have: (6) Furthermore, defining the modified damage parameters and respectively , where the average experimental values of a is 1.1, and the choice as D1−1 and b=0.38 is suggested [6], the following damage function DB is introduced: (7)
 
 The corresponding normalized function is obtained dividing the expression (7) by the value that assumes at failure in a monotonic test. The Park & Ang damage function is defined as the linear combination of the maximum displacement and the dissipated energy, in the following way: (8) where the parameter β depends on the value of shear and axial forces in the section and on the total amount of longitudinal and confining reinforcement, by means of a regression curve obtained from more than 250 experimental results. The experimental values of β reported in [30] ranged between about −0.3 to +1. 2, with a median of about 0.15; in [33] the choice β=0.025 for steel structures and β=0.05 for concrete structures is suggested. The function exhibits the merit, beside to take into account of both maximum plastic displacement and plastic dissipated energy, to consider the structural deterioration as a function of the structural characteristics, by means of the parameter β. At last, the expression (8) does not provide the value 0 for xmax=xy, and does not provide the value 1 in the case of failure under monotonic loading. The methods of Banon et al. and Park & Ang do not take into account the plastic cycles distribution. In other words, they do not consider the modality of achievement of the total amount of dissipated energy.
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 The class 3) of damage functions includes the possibility to consider, even if in a simplified way, the distribution of plastic cycles; in particular a damage function DF which takes into account the different amount of the plastic displacements can be defined [23, 24] using the following law of the cumulative damage: (9) where A and b are structural constants, n is the total number of plastic cycles, and µi is the ductility (cinematic or cyclic) relative to the ith plastic cycle. In particular, a monotonic test provides: (10) Thus, it is immediate to obtain the following result: (11) The value assumed by this damage function is defined by means of the constant b, which depends on the structural material and system, and on the amount of the different plastic displacements, independently from the exact order. Typical values of b, obtained by experimental data for steel structures [23, 34] and reinforced concrete structures [34, 38, 39], are 1.6 to 1.8; in the damage analysis, some times, the conservative value 1.5 is assumed [6]. The value b=1 in eqn. (11) gives the same weight to each plastic displacement, independently from its amount; hence, the function DF reaches the unity value at the same time of the energy function DE. On the other side, if b assumes very large values, eqn. (11) gives a always decreasing importance to the smaller plastic displacements, and the function DF reaches the unity at the same time of Dµ; thus, we can affirm that DF provides values always included between Dµ and DE. It is also interesting to observe that the cumulative damage law (11) admits also the well known form of the linear cumulative law of fatigue. The validity of (13) to analyze low cycle fatigue in steel components is shown in [23, 45, 4 6], and in reinforced concrete section in [38, 39]. Best results for r.c. structures may be obtained by means of the interesting generalization of eqn. (13) presented in [8, 9, 10], which allows to consider the order of application of plastic cycles, non symmetric behaviour etc.
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 SEISMIC RESPONSE OF THE EPP MODEL The analysis of seismic behaviour of the reference model EPP (nonevolutionary, non-degrading) has been extensively provided in [14, 15]; in the following main results will be summarized. In particular, to examine some properties of Damage Functions, consider the recorded ground motions of Rocca (Ancona, Central Italy, 1972), Tolmezzo (Friuli, Northern Italy, 1976), Calitri (Irpinia, Southern Italy, 1980), and Mexico City (1985); these records were selected in order to analyze very different types of earthquakes. In fact, in the first case, spectra with amplification only for low periods are obtained; in the second case the amplification is relative to the medium range periods, and in the fourth case it is relative to very high periods; in the case the Calitri the amplifications concern to a large range of periods. The synthetical characterization of these registration and the correction filters used in the analysis are presented in tab. 1. Tab. 1 . Recorded ground motions considered in the analysis, ag=max. ground acceleration; t=registration duration; tD=duration after Trifunac andBrady; IA=intensity after Arias; Iv=intensity after Fajfar etal. [18, 19]. SEISM DAT IC E EVEN T
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 In [14, 15], considering a structure characterized by ultimate monotonic ductility µµ,mon=4, the collapse acceleration spectra of the EPP are obtained; the seismic failure is reached when D=1, and different definition of damage function are used. Some results are presented in Figs. 3 and 4. In particular in all the figures the spectra considering the ductility and the energy methods are given; moreover the figures provide:
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 Fig. 3: design spectra for Tolmezzo (left side) and Mexico City (right side) records considering: - Banon and Veneziano criteria, with mean suggested value of a=1.1 and for the value of a that practically provides the energy method (a=2); - Park and Ang criteria, with mean suggested values of β=0.05 and 0.015 and for the values of β that practically provides the energy method (β=0.6÷0.8); - Krawinkler criteria, with suggested values of b=1.5, 1.8, 2.0 and for the values of b that practically provides the energy method (b=5÷10). Fig. 4: design spectra for all the records of Tab. 1 with the comparison among Banon and Veneziano, Park and Ang, Krawinkler criteria considering the mean values a=1.1, β=0.15, and b=1.8. By means of these figures the following conclusions [14, 15] may be summarized: 1) the scatter of results obtained considering the ductility or the plastic dissipated energy is very large. 2) Banon and Veneziano damage function with a=2 and Park and Ang damage function with β=0.6÷0.8 practically provide the same result of energy method; greater values of these parameter does not seem have physical significance. 3) Krawinkler damage function with b>5 practically provides the same result of ductility method; with greater values of this parameter it seems logical to consider the simple ductility function method. 4) Banon & Veneziano, Park & Ang and Krawinkler damage functions, with suggested values of the parameters (a=1.1, β=0.15 and b=1.8), provide results practically coincident.
 
 SEISMIC RESPONSE OF EVOLUTIONARY NONDEGRADING MODELS In this section the response of the Clough-Johnston, Origin oriented and Slip model are compared to the response of the EPP model (cfr. Fig. 5); all the damage functions previously introduced are considered in the analysis. The first comparison among the models is presented in Fig. 6, where acceleration spectra considering the cinematic ductility and the plastic dissipated energy damage functions are drawn, with reference to the Tolmezzo record. In the evaluation of the spectra the value µµ,mon=4 is considered; the limit plastic energy is evaluate with reference to the standard cycles with maximum plastic deformation; therefore, the value of µe,mon for the Clough-Johnston and slip
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 Fig. 3. Collapse acceleration spectra using different Damage Functions.
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 Fig. 4. Comparison between different Damage Functions with mean values of parameters.
 
 models is assumed equal to 1/2 µµ,mon and for the origin-oriented model to 1/ 4µµ,mon. The comparison between the spectra allows to observe that both ductility and energy spectra increase; the increase of the ductility controlled spectra is very little and the increase of the hysteretic controlled spectra is higher: therefore the distance between the criteria increases. In other words the behaviour of structures governed by the ductility damage function seems to be only a link influenced by the modelling; on the contrary the behaviour of the structures controlled by the energy damage function is more sensible to the modeling. In Fig. 7 the acceleration spectra considering also Park & Ang and Krawinkler damage functions are drawn; in the comparison between different damage
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 Fig.5. Reference and evolutionary models considered in the analysis.
 
 Fig. 6. Comparison between ductility and dissipated energy damage functions spectra for evolutionary non-degrading models.
 
 functions it is interesting to observe that slip and origin-oriented models provide results very close to ductility method. This fact is due to the little number of plastic cycles that characterizes the seismic behaviour of these models.
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 Fig.7. Comparison between different Damage Functions with mean values of parameters for evolutionary models.
 
 An other interesting observation is that to have the same results with Park & Ang and Krawinkler damage function the value β=0.4 has to be chosen in the Clough and origin-oriented model: in fact these models provide a lower dissipation of energy and, thus, a larger value of the coefficient has to be considered. The result is in agreement with the trend of the parameter β given in [30], where r.c. structures charecterized by low deterioration capacity (high shear, high axial force, low confining reinforcement, etc.) have higher value of β.
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 A PROPOSAL OF GENERAL EVOLUTIONARYDEGRADING MODEL Among the general degrading models, the Wen model [3, 4, 32, 43, 44] and Kunnath et al. model [25] seem to be the most attractive. The first exhibits the interesting property, especially for sthocastic analysis; to be defined by means of differential equations: some interesting observation on this model are presented in [41]. The second model is strictly connected with the Park & Ang criteria and prov pretation of the parameter β of eqn. (8); furthermore it may be used to analyze different structural elements (beams, columns, shear-walls, etc) and gives as particular cases the previously introduced non degrading models. Both models provide degrade is caused by the plastic dissipated energy. A general evolutionary-degrading model [13], that may be associated to all the Damage Functions previously defined, may be developed considering the following rules: 1) the monotonic envelop may be completely generic, with perfect plasticity, hardening or softening; the cyclic envelop coincides with the monotonic one; 2) considering, for simplicity, unloading and reloading of linear type, unloading stiffness Kun must be always not greater than tangent initial stiffness K0 and reloading stiffness Kr must be always not greater than unloading stiffness Kun: (12) it is not possible to have unloading stiffness Kr less than the minimum stiffness of the monotonic envelop, that is K0/µu,mon: (13) the unloading stiffness and the reloading stiffness must decrease with the damage function D: (14)
 
 Synthetically, defining the functions Fun and Fr as the ratio between unloading stiffness and tangent stiffness and between reloading stiffness and unloading stiffness:
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 Fig. 8. Definition of parameters of the proposed evolutionary-degrading model.
 
 (15) these functions must have the following properties: (16)
 
 (17) Pinching on the reloading branch may be activated by means of the introduction of the following non-dimensional parameters (cfr. Fig. 8): (18) Among the infinite functions that provides the above mentioned properties, the following simple functions will be analyzed:
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 (19)
 
 (20) where: µi=ductility of the last plastic excursion; ductility among the previous cycles with sign equal to µi: (21) . ductility among the previous cycles with sign opposite to µi: (22) The parameter a defines the degrade of unloading stiffness and β defines the degrade of the reloading stiffness; γ defines the maximum cyclic degrade of reloading stiffness and δ the velocity of this degrade. In particular, considering combination of the parameters given in Tab. 2, we have all the non-degrading models analyzed previously. Tab. 2. Non evolutionary models as particular cases of the general model.
 
 EPP Origin oriented Slip Clough-Johnston
 
 α
 
 β
 
 Fph, µph
 
 γ
 
 ∞ 0 ∞ ∞
 
 0 0 0 1
 
 1, inactive 1, inactive 0, 0 1, inactive
 
 inactive inactive inactive 0
 
 It seems interesting to observe that using a finite value of α and β=0,Fph=1 we have the mono-dimensional model used in damage continuum mechanics [22]. It seems also interesting to observe that, considering α infinite, we have a class of Clough-type models with reloading less stiff than classic Clough-Johnston model for β1; cyclic degrade of the model is active for γ>0. To better understand the physical significance of the parameters γ and 6 consider the classic Clough-Johnston model ( (20) immediately provide:
 
 ); eons. (19)–
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 Fig. 9. Degrading models considered in the analysis.
 
 (23) and then, at failure: (24)
 
 For equal amplitude cycles, thus, the reloading stiffness Kr degrades, with velocity governed by δ, from an initial value to the limit value 1/(1+γ) times lower, therefore also a lower bound cyclic envelop exists, and this limit envelop may be easily provided by the monotonic envelop and the parameter γ. A similar properties characterizes the model [35].
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 FIRST RESULTS ABOUT SEISMIC RESPONSE OF PROPOSED EVOLUTIONARY-DEGRADING MODEL In this section some preliminary results relative to the proposed evolutionarydegrading model will be presented. In particular consider the following modeling (cfr. Fig. 9): 1) reference EPP model (α=∞, β=0); 2) classic Clough-Johnston model (α=∞, β=1, γ=0 ); 3) Clough-Johnston model with reloading degrade activated and linear reloading degrade velocity (α=∞, β=1, γ=1, δ=1); 4) Clough-Johnston model with reloading degrade activated and accelerated reloading degrade velocity (α=∞, β=1, γ=1, δ=0.2 ). In Figs. 10 the acceleration spectra considering cinematic ductility, cyclic ductility, dissipated energy and plastic fatigue damage functions are drawn. In each figure the spectra considering the four considered models are given, together with the elastic spectra. A value of µµ,mon=4 is considered; in the case of the energy method the value of Eh,u relative to the failure cycle with µµ,mon=4 is considered for the non-dimensionalization. It is immediate to observe that in the case of cinematic ductility the choice of the model has only a little importance; this fact may be explained considering that the peak response generally occur at the beginning of the earthquake, when the reloading is only a little, or nothing, degraded. This result has a very important technical consequence; in fact it allows that if the seismic behaviour of a structure is governed by the ductility, then a good prevision of the behaviour may be developed by means of the classic EPP and considering sophisticated modeling is not necessary. On the contrary, the importance of modeling increases considering cinematic ductility, because in this case the entire plastic cycle is important, and, thus, the reloading mechanism plays a relevant role; the reloading mechanism affects also the fatigue behaviour, due to the unloading that may occur on this branch, and in a greater way the dissipated energy. In this last case the spectra with degrading model is very close to the elastic spectra; this fact means that degrading structures with associated the energy method could not try practical vantage from their ductility. Of course, these very important results should be confirmed by more extended analyses. REFERENCES 1.
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 Fig. 10. Comparison among different degrading models using different damage functions. 2. 3. 4. 5.
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 SEISMIC ENERGY DEMANDS ON REINFORCED CONCRETE DUCTILE MOMENT-RESISTING FRAME BUILDINGS T.J.Zhu, W.K. Tso and A.C.Heidebrecht Department of Civil Engineering, McMaster University Hamilton, Ontario, Canada L8S 4L7
 
 ABSTRACT This paper examines the seismic energy demands on reinforced concrete ductile moment-resisting frame buildings and the feasibility of using equivalent single degree of freedom systems to estimate these energy demands. Three buildings having 4, 10 and 18 storeys were designed to the current Canadian seismic provisions; three groups of earthquake records having different frequency contents were selected as input ground motions. The input, hysteretic, and damping energies were evaluated for the three buildings and their equivalent single degree of freedom systems when they were subjected to the three groups of ground motions. INTRODUCTION The seismic energy imparted into a building structure during strong earthquake ground motion is dissipated in part by damping and in part by yielding of the structural components. Proper seismic design implies that the energy dissipation capacity of the building structure should exceed the energy absorption demand imposed by the ground motion. Since the early work by Housner [1], the seismic energy concept has gained extensive attention [2–8]. Most of these previous studies were concerned with the evaluation of seismic energy demands on single degree of freedom (SDOF) systems. The objectives of this study are (1) to extend the seismic energy concept to multi degree of freedom (MDOF) systems,
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 Figure 1. Floor plan and frame elevation.
 
 specifically multistorey reinforced concrete ductile moment-resisting frame (DMRF) buildings, and (2) to study the feasibility of using equivalent SDOF systems to estimate seismic energy demands on these multistorey buildings. STRUCTURAL MODELS Three reinforced concrete DMRF buildings having 4, 10, and 18 storeys were considered. These three buildings are denoted as 4S, 10S, and 18S, and they have the same floor plan as shown in Fig. 1. The effect of seismic action was considered in the N-S direction. The elevations of the interior frames in this direction are shown in Fig. 1. The beam and column sizes are also depicted. The three buildings were designed for combined gravity and seismic effects in accord with the 1990 edition of the National Building Code of Canada [9], and their structural members were proportioned and detailed according to the 1984 edition of the Canadian Concrete Code [10]. A detailed account of the design procedure and the final design results of the three frames is given by Zhu [11]. The fundamental period of the 4S, 10S, and 18S frames is 0.47, 1.20, and 2.01 sec, respectively.
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 GROUND MOTION DATA A total of 45 strong motion records recorded on rock or stiff soil sites were selected from the McMaster University Seismologies! Executive (MUSE) Database. The 45 records were obtained from 23 different events with magnitude ranging from 5.25 to 8.1, and they were recorded at epicentral distances ranging from 4 to 379 km. The 45 records were subdivided into three groups according to their peak acceleration-to-velocity (A/V) ratios, with 15 records in each group. The records having low, intermediate, and high A/V ratios are taken as representative ground motions in seismic regions in Canada designated as ZaZy, respectively. Fig. 2 shows the distribution of magnitude and epicentral distance for the three A/V groups of records. It can be seen that the records with high A/V ratios were obtained in the vicinity of small or moderate earthquakes whereas those having low or intermediate A/V ratios were recorded at large distances from large or moderate earthquakes. A detailed description and analysis of the earthquake data is given by Zhu [11]. DYNAMIC ANALYSIS PROCEDURE The general-purpose computer program DRAIN-2D [12] was used to perform dynamic analysis for the frames. The dual-component element was used to model the beams and columns. The effect of axial force on yield moment was considered for each column by a yield moment-axial force interaction curve. A simplified solution [12] was used to account for the P-delta effect for each column. The damping matrix was expressed as a linear combination of the mass and stiffness matrices, and the combination coefficients were selected to give 5% of critical damping in the first two vibrational modes. SEISMIC ENERGY EQUATION The equation of motion for a MDOF system is given by (1) in which [M]=the mass matrix; [C]=the damping matrix; {R({u})}=the restoring force vector; {ü}, {u}, and {u}=the relative acceleration, velocity, and displacement vector; üg= the ground acceleration; and {r}=a vector relating the ground acceleration to the structural degrees of freedom. Pre-multiplying Eq.(1) , leads by the transposed incremental relative displacement vector, to
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 Figure 2. Distribution of magnitude and epicentral distance for three A/V groups of records.
 
 (2) Integration of Eq.(2) with respect to time, t, yields (3) The first term of Eq.(3) is the kinetic energy, EK*: (4) The second term in Eq.(3) is the damping energy, ED*: (5) The third term of Eq.(3) is the sum of the irrecoverable hysteretic energy, EH*, and the recoverable elastic strain energy, ES*: (6) The right-hand-side term in Eq.(3) is the input energy, EI*:
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 (7) The energy equation (Eq.(3)) can then be written as (8) Eq.(8) indicates that during the seismic response of the system, part of the input energy is stored temporarily in the form of kinetic and elastic strain energies, and the rest is dissipated by damping and inelastic deformation. At the end of the response, all the imparted energy will be dissipated by damping and hysteretic action. Eq.(8) can be normalized to the total mass of the system. The energy quantities per unit mass are denoted as EI, EK, ED, EH, and ES, and their numerical computations have been incorporated into the DRAIN-2D program [11]. SEISMIC ENERGY DEMANDS ON MDOF MODELS Fig. 3 shows the energy time-history response of the 10S frame subjected to the site 1 record of the 1985 Nahanni earthquake in Canada. Table 1 presents the mean values of the input, damping, and hysteretic energies for the three frames subjected to the three A/V groups of ground motions. All the input ground motions were scaled to a common peak velocity of 0.4 m/s which is the design zonal velocity for the frames. The damping and hysteretic energies are expressed as a percentage of the total dissipated energy. The values of the input and hysteretic energies for the three frames generally reflect their overall seismic performance. For the 4S frame, the beam ductility demands for the high and intermediate A/V groups of ground motions are about 70% higher than those for the low A/V group [11]. It can be seen in Table 1 that the input energy and also the hysteretic energy for the high and intermediate A/V groups of records is about twice that for the low A/V group for this frame. On the other hand, the beam ductility demands for the low and intermediate A/V groups of ground motions are about 100% higher than those for the high A/V group for the 18S frame [11]. Table 1 shows that for the 18S frame, the input energy for the low and intermediate A/V groups of records is almost twice that for the high A/V group, and the hysteretic energy for the low and intermediate A/ V groups of records is also much higher than that for the high A/V group. TABLE 1
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 Figure 3. Energy time-history response of 10S frame subjected to a 1985 Nahanni earthquake record. Mean values of input energy, damping energy, and hysteretic energy Energy
 
 Frame
 
 LowA/V
 
 Intermediate A/V
 
 High A/V
 
 EI(cm/s)2 10S 18S ED (%) 10S 18S EH (%) 10S 18S
 
 4S 5875 4816 4S 53 54 4S 47 46
 
 3144 7693 5649 53 51 60 47 49 40
 
 7486 4329 2827 43 56 72 57 44 28
 
 6231
 
 42
 
 58
 
 Although the correlation between energy demand and ductility demand is good for both stiff (4S) and flexible (18S) frames, the use of a single energy quantity (input or hysteretic energy) cannot provide information on the distribution of inelastic deformations. For example, the distribution of inelastic deformations over the height of the 10S and 18S frames is significantly different for the three A/V groups of ground motions [11]. For the low A/V group of ground motions which have lower frequency content, inelastic deformations are concentrated in the lower storeys. For the high A/V group of ground motions which have higher frequency content, the higher modal effect becomes significant, and inelastic deformations in the upper storeys are higher than those in the lower storeys. Previous studies [2, 4, 8] based on SDOF systems have indicated that the input energy is not sensitive to the level of inelastic response (the level of displacement ductility), and the input energy for elastic response is similar to that for inelastic response. This is particularly true for systems having relatively
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 long periods. In this study, the input energy for the elastic response of the three frames was also computed. The elastic input energy was computed by setting in Eq.(3), where [K]=the initial elastic stiffness matrix of a frame. Fig. 4 shows a comparison between the input energy for inelastic response, (EI)inelastic, and the input energy for elastic response, (EI)elastic. for the 45 individual earthquake records. Table 2 presents the ratios between the mean values of (EI)inelastic and (EI)elastic for the three A/V groups of ground motions. It can be seen that the input energy for elastic response is similar to that for inelastic response. This is particularly true for the 18S frame. Therefore, one can speculate that the similarity between elastic and inelastic input energy for SDOF systems also holds for MDOF systems representative of regular DMRF buildings. TABLE 2 Mean ratios of inelastic input energy to elastic input energy Frame
 
 LowA/V
 
 Intermediate A/V
 
 High A/V
 
 4S 10S 18S
 
 1.13 0.85 0.94
 
 1.01 0.93 1.02
 
 0.82 0.88 0.96
 
 To examine the sensitivity of the inelastic response of the frames to an increase in the peak ground velocity level, the peak velocity for scaling the input ground motions was increased from the design level of 0.4 m/s to a level of 0.6 m/s. Fig. 5 compares the input energy for the peak ground velocity level of 0.6 m/s, (EI)06m/s, with the input energy for the peak ground velocity level of 0.4 m/s, (EI) 04m/s, for the 45 individual records. Table 3 presents the ratios of the mean values between (EI)06m/s and (EI)0 4m/s for the three A/V groups of ground motions. It can be seen in Eq.(7) that if the response of a frame remains in the elastic range, the scaling of the input ground motion by a factor of X will result in a corresponding scaling factor of λ2 for the input energy. Fig. 5 and Table 3 show that the ratios of (EI)0.6m/s to (EI)0.4m/s are very close to the Scaling factor of (0.6/0.4)2=2.25. Therefore, It appears that the scaling factor for elastic input energy may be used for inelastic input energy, as noted by Jennings [2] in the case of SDOF systems. Table 3 indicates that the increase in the hysteretic energy ratio is larger than λ2 whereas the increase in the damping energy ratio is less than λ2. In other words, most of the increased input energy resulting from the increased level of the input ground motions had to be dissipated through hysteretic action. This is consistent with the observed substantial increase in the beam and column ductility demands in the lower storeys. The 50% increase in the peak ground velocity level has led
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 Figure 4. Comparison of input energy between inelastic and elastic responses.
 
 to almost 100% increase in the ductility demands on the beams and columns of the lower storeys [11]. TABLE 3 Mean ratios of energy indices between peak ground velocity levels of 0.6 and 0.4 m/s Energy
 
 Frame
 
 LowA/V
 
 Intermediate A/V
 
 High A/V
 
 EI 10S 18S ED 10S 18S EH 10S 18S
 
 4S 2.11 2.29 4S 1.60 1.76 4S 2.67 2.91
 
 2.46 2.06 2.22 1.75 1.63 1.74 3.27 2.50 2.94
 
 2.23 2.03 2.14 1.77 1.65 1.77 2.59 2.45 3.01
 
 2.02
 
 1.71
 
 2.22
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 Figure 5. Comparison of input energy between peak ground velocity levels of 0.4 and 0.6 m/s.
 
 SEISMIC ENERGY DEMANDS ON EQUIVALENT SDOF SYSTEMS Most previous studies [2–8] on seismic energy demands were for SDOF systems. The applicability of the results of these studies to actual building structures depends on the extent to which the energy demands for multistorey buildings will correlate with those for SDOF systems. The second objective of this study is therefore to examine the possibility of using equivalent SDOF systems to estimate seismic energy demands for regular DMRF buildings.
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 Saiidi [13] suggested a simplified analysis procedure to estimate inelastic deformation for regular reinforced concrete building structures. In this procedure, an actual multistorey building is transformed into an equivalent SDOF system. The force-deformation behaviour of this equivalent SDOF systems is obtained from an inelastic static analysis of the actual building subjected to monotonically increased lateral loading. In this study, the 4S, 10S, and 18S frames were converted into their equivalent SDOF systems based on Saiidi’s approach. A detailed description of this conversion for the three frames can be found in Zhu [11]. The various energy terms were then computed for the equivalent SDOF systems, and they were compared with those obtained from the MDOF models of the three frames. Fig. 6 compares the input energy for the MDOF models of the three frames, (EI) MDOF, with that of their equivalent SDOF systems, (EI)SDOF. For the 4S frame, the input energy estimated from its equivalent SDOF system is very close to that obtained from its MDOF model for all 45 earthquake records. However, this correlation between (EI)MDOF and (EI)SDOF deteriorates for the 18S frame. This is particularly true when the 18S frame is subjected to the high and intermediate A/ V ground motions which have relatively high frequency contents. The same observation can be made regarding to hysteretic energy comparisons as shown in Fig.7. For the 18S frame, the contribution of higher modal responses becomes significant [11]. The use of an equivalent SDOF system cannot account for the higher modal contributions, and consequently it leads to poor estimates of the energy demands. CONCLUSIONS Based on this study, the following conclusions can be drawn: (1) The values of the input and hysteretic energy demands for regular ductile moment-resisting frame (DMRF) buildings generally reflect their overall seismic performance. But they cannot provide information regarding the distribution of inelastic deformations throughout the buildings. (2) The elastic input energy is similar to the inelastic input energy for regular DMRF buildings. This is particularly true for buildings having relatively long periods. (3) For the elastic response of a building, the scaling of the input ground motion by a factor of A, will lead to a corresponding scaling factor of X for the input energy. This scaling factor for the elastic input energy seems also applicable to the inelastic input energy for regular DMRF buildings. (4) Equivalent SDOF systems may be used to estimate the input and hysteretic energy demands on low-rise DMRF buildings. For high-rise DMRF buildings,
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 the contributions of higher modal responses become significant, and the use of equivalent SDOF systems may underestimate the energy demands on the buildings. This is particularly true for input ground motions having relatively high frequency content which will accentuate the higher modal contributions. ACKNOWLEDGEMENT The writers wish to acknowledge the support from the Natural Sciences and Engineering Research Council of Canada for the work presented herein.
 
 Figure 7. Comparison of hysteretic energy between equivalent SDOF systems and MDOF models.
 
 Figure 6. Comparison of input energy between equivalent SDOF systems and MDOF models.
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 Figure 7. Comparison of hysteretic energy between equivalent SDOF systems and MDOF models.
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 RESPONSE OF REINFORCED CONCRETE MOMENT FRAMES TO STRONG EARTHQUAKE GROUND MOTIONS HIROSHI AKIYAMA and MAKOTO TAKAHASHI Department of Architecture Faculty of Engineering, University of Tokyo, Hongo, Bunkyo-ku, Tokyo, Japan
 
 ABSTRACT Using restoring-force characteristics peculiar to the reinforced concrete rigid frame, inelastic responses of multi-story rigid frames to strong seismic ground motions were analysed. The relation between the energy input and the damage distribution was made clear, and it was found that there exist no essential differences between steel structures and reinforced concrete structures in the manner of resisting earthquakes. INTRODUCTION The design method based on the energy concept in which the loading effect of earthquakes on structures is considered to be the energy input and the structural resistance is considered to be the energy absorption capacity has been proved to be effectively applied to steel structures. On the other hand, researches on the energy response of reinforced concrete structures have been developed considerably, but they remain still insufficient to construct design criteria2), 3). The difference of structural response between steel structures and reinforced structures is rooted from the difference of their restoring force characteristics. In steel structures, the fundamental types of restoring force characteristics are the elastic-perfectly plastic type and the slip type, and the actual restoring force chracteristics takes very complicated shapes as is found in the mixed structure of
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 moment frames and braced frames. Nevertheless, even for such a complicated structure, the design method based on the energy concept can be applied. Since the restoring force characteristics of reinforced concrete structures are not quitely different from those of steel structures, the methodology which is applicable to the steel structures can be also applied to the reinforced concrete structures. In this paper, the prototype of restoring force characteristics of reinforced concrete moment frames is introduced and to what extent the design criteria must be modified is made clear. In previous researches of reinforced concrete structures, especially the damage distribution in multi-story buildings and the damage concentration have been scarcely discussed. The major emphasis is laid on these items. The earthquake record used in the analysis is Hachinohe record of the Tokachi-oki earthquake (1968). The maximum ground acceleration is 183gal. The vibrational model is of the shear type which corresponds to the weak column type moment frame. ANALYTICAL MODEL Vibrational System In Fig.1 the vibrational model is shown. It is assumed that only columns deform and masses are concentrated on the rigid beams, the axial deformation of columns are neglected. Masses are evenly distributed. The yield story displacement in each story is assumed to be equal. Restoring Force Characteristics The relationship between the story shear force Qt and the story displacement δt is shown in Fig.2. This type of restoring force characteristics is typical of the reinforced concrete beam-columns and has been referred by many researchers2), 3). The relationship under the monotonic loading forms a skeleton curve in the restoring-force characteristics. Under the monotonic loading, the frame remains elastic for the load below the bending crack initiation load Qct with the spring constant in the elastic range KEt. The yield strength reached by the yielding of reinforcing bars is denoted by Qrt. The deformation which corresponds to Qrt is defined as the yield story displacement and denoted by δrt. The secant slope of the segment which connects the point of origin and the yield point (Qrt, δrt) is denoted by Kt. As δrt is assumed constant, Kt becomes
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 proportional to Qrt. The slope of the skeleton curve beyond the yield point is assumed flat. Qrt/Qet, and δrt/δct are assumed as (1)
 
 Therefore, Kt/KEt becomes as follows. (2) The hysteresis rule is demonstrated in Fig.2, following the progress of deformation from the point 1 to 7. PRINCIPAL RESPONSES Total Energy Input The total energy input to the one-mass system equipped with the restoring force characteristics shown in Fig.2 is shown Fig.3 where the total energy input is E: the total energy input, M: expressed by the equivalent velocity ( mass) E is defined as (3) where y0 : ground motion y : the relative displacement of the mass t0 : the duration of ground motion The abscissa indicates the natural period which is obtained by using the secant stiffness Kt in Fig.2 As an index of the plastification of system the average plastic deformation ratio is used. is defined as (4) : the maximum story displacement in the positive and negative where direction respectively. , are shown. The solid line in the figure is In Fig.3, VE—values for the VE—T relationship for the elastic system with h=0.1, and the broken lines are
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 line segments which envelope it. This broken lines have been proposed by the author as the energy spectrum for design use1). The slope of the line segment which starts from the point of origin is increased to be 1.2 times as large as that of the original slope on the reason that the energy input into the inelastic system with shorter natural periods tends to be greater than that of the elastic system. It is clearly observed that the energy input into the system with a period shorter than 0.5sec tends to increase beyond the design spectrum as increases, while the design spectrum almost covers the energy response of the system with a period longer than 0.5sec. To meet the increase of energy input in the range of shorter natural period, the design spectrum must be increased in such a manner as shown in Fig.3, and the modified value can be written by (5) where VEo : the value of design spectrum. ENERGY ABSORPTION CAPACITY The relation between the average inelastic deformation ratio and the total energy relationship can be formally expressed input E is investigated. The as (6) Using the values of E and . obtained by the response analysis for one mass systems, as is calculated from Eq (6) and is shown in Fig.4. The value of as, tends to decrease as the natural period increases. To estimate the lower bound rule of as, a deformation history shown in Fig.5 is assumed. This history does not include the initial nonlinear path which leads to the yield point, and experiences the same amount of inelastic deformations in the positive and negative directions. The accumulated strain energy at the point a must be equal to the total energy input, and the following equation is obtained (7) Therefore, the value of as which corresponds to the deformation history shown in Fig.5 is obtained as (8) as, calculated from Eq(8) is shown in Fig 4.
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 It is seen that Eq(8) gives a lower bound value of as in the range of period shorter than 4.0sec. Referring to Eq(7), the cumulative inelastic strain energy Wp which corresponds to the deformation history shown in Fig.5 becomes (9) The value of as of the system with a period shorter than 0.5sec is far greater than the value given by Eq(8). On the other hand, the system with a shorter natural period must receive a greater input energy compared to the design spectrum as shown in Fig.3. Referring to Eq(5), the increased input energy is 1.8 times as large as that specified by the design spectrum. To meet the increase of input energy, the system must be equipped with the energy absorption capacity 1.8 times as large as that of the system with a longer natural period. The required level of the energy absorption capacity can be expressed in terms of Wp as (10) The value of as which corresponds to Eq(10) is given by (11) The as—value given by Eq(11) is also indicated in Fig.4. as—values for shorter periods are still greater than that given by Eq(11). Thus, it is concluded that the increase of energy input in shorter period range is well compensated by the increase of energy absorption capacity of the system, and the design spectrum and the estimate of energy absorption capacity expressed by Eq(9) are effectively used regardless of the range of natural period. OPTIMUM SHEAR FORCE COEFFICIENT DISTRIBUTION The damage of each story of multi-story frames is defined by (12) where eδt : δt at the end of the duration ground motion. The cumulative plastic deformation ratio of each story is defined by
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 (13) For the shear type multi-story frames equipped with the elastic— perfectly plastic type of restoring force characteristics, a yield shear force coefficient distribution which makes ηt constant exists and the distribution is approximately given by (14)
 
 (15) where N : the number of story For the system with the restoring force characteristics shown in Fig.2, it was found that the same distribution applies as the optimum yield shear force coefficient as shown in Fig.6. Damage Distribution Law The damage distribution law which can be applied to the multi—story frames with the elastic—perfectly plastic type of restoring force characteristices has been already made clear1) and is expressed in a form as follows (16) where : the deviation of shear force coefficient distribution from the optimum distribution as : the yield shear force coefficient in jth story n : the damage concentration index The value of n for the shear type multi—story frames with the elastic— perfectly plastic restoring force charactristics was already obtained as follows (17) The applicability of the value given by Eq(17) to shear type reinforced concrete moment frames is examined. First, the damage distribution under the optimum yield shear force coefficient is calculated. Next the yield shear force coefficient in the observed kth story is reduced to pa ak, leaving the yield shear force coefficient in the stories other than
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 kth story unchanged. In Fig.7 the damage distribution in the observed kth story Wpk is shown in contrast with the damage distribution under the optimum yield shear force coefficient distribution 0Wpk. Prediction is made by using Eq (16) and is indicated in Fig.7. From the figure it can be judged that the same value of damage concentration index can be used for steel frames and reinforced concrete frames. BASIC DESIGN FORMULA Based on the response characteristics of reinforced concrete structures, the required strength of multi—story frames is derived. The equilibrium of energy under an earthquake is written as (18) where We : the elastic vibrational energy Wh : the energy absorption due to damping As for the energy input attributable to the strain energy E−Wh, the following rough estimate can be made1). (19) Analogously to the expression of strain energy given by Eq(7), the strain energy of the story of a multi—story frame may be expressed by (20) The first term of Eq (20) expresses the elastic strain energy, while the second term expresses the cumulative inelastic strain energy. Therefore, We and Wp in Eq(18) are described as (21)
 
 When the yield shear force coefficient distribution agrees with the optimum distribution, We is written as (22) where
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 T : the fundemental natural period M : the total mass of a frame In the case where each story has a constant mass and a constant yield story and x1 are approximated by displacement, (23)
 
 Therefore, Eq(21) can be approximated by (24)
 
 On the other hand, using the expression of
 
 , Wp is expressed by (25)
 
 r1 can be obtained from Eq(16) by applying suitable value of Ps. Referring to the practical deviation of strength distribution from the optimum distribution, the following values have been proposed for the practical design purpose (26) Substituting Eq (19), (24) and (25) into Eq (18), the required strength for the first story of reinforced concrete multi—story rigid frames is obtained as follows (27) where h : the damping constant. CONCLUSION The seismic resistance of reinforced concrete rigid frames was discussed on the basis of energy concept. Conclusions are summarized as follows. 1) The energy spectrum demonstrated in Fig.3 can be generally applied for the estimate of seismic resistance of frames regardless of the structural type.
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 Figure 1. Vibrational model
 
 Figure 2. Hysteretic rule
 
 2) The damage concentration characteristics of reinforced concrete frames are similar to those of steel frames. 3) The design formula for the reinforced concrete rigid frames is expressed by Eq(27). REFERENCES 1. 2.
 
 3.
 
 Akiyama, H.: Earthquake-Resistant Limit-State Design for Buildings, University of Tokyo Press, 1985 Minami, T. and Osawa, Y.: Elastic-Plastic Response Spectra for Different Hysteretic Rules, Earthquake Eng. and Structural Dynamics, Vol.16, 555–568, 1988 Fajfar, P, Vidic, T. and Fischinger, M.: Seismic Demand in Medium-and LongPeriod Structures, Earthquake Eng. and Structural Dynamics, Vol.18, 1133–1144, 1989
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 Figure 3. Total energy input
 
 Figure 4.
 
 relationship
 
 Figure 5. Assumed hysteresis loop
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 Figure 6. Optimum yield-shear-force coefficient distribution
 
 Figure 7. Damage distribution
 
 AN ENERGY-BASED DAMAGE MODEL FOR INELASTIC DYNAMIC ANALYSIS OF REINFORCED CONCRETE FRAMES CHRISTIAN MEYER Department of Civil Engineering and Engineering Mechanics Columbia University, New York, NY 10027
 
 Abstract An energy-based damage model is introduced, which is suitable for quantifying damage on the material and member level of reinforced concrete structures. It lends itself to incorporation into nonlinear dynamic analysis programs for concrete structures. Experimental low-cycle fatigue data are presented to illustrate the use of the damage model on the material level. The paper concludes with a brief discussion of how this damage model may be applied to response analyses of concrete frames. Introduction Current seismic design philosophy relies strongly on the concept of energy dissipation through inelastic action. For the proper implementation of this concept it is essential that the structure, or rather selected structural members, be endowed with adequate ductility. This property, ductility, is such a fundamental pillar of earthquake-resistant design that it appears reasonable to periodically rethink its basic meaning and design implications. In conventional design for static loads, the basic design requirement can be stated in the general form,
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 When designing for dynamic loads resulting from an earthquake, such a design re quirement is typically supplemented with a corresponding ductility requirement, (1) Use of a concrete member’s or structure’s ductility property in this simple format is incorrect, because it implies that both the ductility capacity and demand are independent of the number of load applications. It is known that this is not the case. In fact, the decrease of both strength and ductility with the number of load applications is well known and generally designated as fatigue. The number of load applications adds a second dimension to the problem. A more appropriate design requirement of the type of Eq. 1 would therefore take on the form, (2) where N is the number of load applications. Eq. 2 is still an oversimplification, because in reality a structure is subjected to loads of varying amplitudes. In addition, the order in which a series of load impulses of different amplitudes are applied, has also an effect. For example, the damage resulting from one strong load impulse followed by a series of smaller loads can be substantially different from the damage resulting from the same strong load impulse preceded by the series of smaller loads. In this paper, an energy-based model is proposed for the purpose of simulating the damage accumulation in concrete up to failure, due to a given sequence of load applications. First, we shall discuss damage in general and introduce a definition of a suitable damage index. Because of the lack of experimental data on low-cycle fatigue of concrete, an investigation was initiated at Columbia University to study the damage accumulation of plain and fibre-reinforced concrete cubes in the low-cycle fatigue range. Some of the preliminary results are presented herein, together with a suggested model to numerically reproduce this behavior. The paper concludes with a discussion of how the concept of this energy-based damage model may be applied to detailed nonlinear dynamic analysis of reinforced concrete frames, by incorporating it into advanced time history analysis programs. Definition of Damage The concept of damage is familiar to everybody. Yet, if we have to define it in precise scientific terms, it appears that our notion of damage is in general rather
 
 AN ENERGY-BASED DAMAGE MODEL FOR INELASTIC DYNAMIC ANALYSIS OF REINFORCED CONCRETE FRAMES 139
 
 vague. In the context of building response to destructive earthquakes, a large number of definitions have been proposed [1, 6]. Most of these are of a more or less empirical nature and often prone to subjective influences. To avoid this problem, it is advantageous to tie the damage definition to the degree of physical deterioration with clearly defined consequences regarding the material’s capacity to resist further load. Similarly, the notion of failure needs to be stripped of an occasionally arbitrary definition (on the member or structural level) by relating it to a specific level of damage at which the material or member ceases to resist further load. Herein we shall measure damage by an index D, equal to the ratio between the energy dissipated up to a certain point in time, Ei, and the total energy dissipation capacity, , (3) This definition can be substituted for the cycle ratio (ni/Nfi) used in conventional fatigue analysis and is in general applicable both on a material and member level. On the material level we are dealing with the stress-strain response of plain concrete. Failure is defined as the point at which the slope of the stress-strain per unit curve ceases to remain positive. The energy dissipation capacity volume is clearly a material property, that can be measured in the laboratory as a function of stress or strain level i under const ant-amplitude loading. On the member level, for example, for a reinforced concrete frame element, the load-deformation or moment-curvature response is involved. Failure is now defined as the point at which the moment-curvature (or moment-rotation) curve on the ceases to have a positive slope, in the absence of an axial force. member level can also be measured in the laboratory as a function of load or deformation amplitude i, but it obviously is a function of many other factors, such as reinforcement details. Even though (or rather because) the above damage definition is very basic, it cannot easily be extended to the structure level, because on this level the loading has a spatial distribution component that is not present on the material or element level. For this reason, all so-called global damage definitions have an element of arbitrariness and lack the rational component that would be needed to evaluate a structure’s residual capacity to resist further load. Therefore we shall not attempt to define damage on the structural (or global) level. It is not missed either, at least not in the context of nonlinear dynamic analysis of degrading structures. It may be appropriate to note that a general definition of damage such as Eq. 3 lends itself to non-mechanistic sources of damage by referring to the remaining or residual energy dissipation capacity,
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 (4) For example, if a concrete specimen had been exposed to a certain number of freezethaw cycles or a given history of chemical attack, the inflicted damage D may be correlated to the remaining energy dissipation capacity, , which can be measured. The most serious drawback of this damage definition is the lack of an experimental data base for . S-N curves have been generated for some selected cases [8], but for the low-cycle fatigue range that is of interest for earthquake response analysis, very few data exist. On the member level, a considerable body of knowledge exists, thanks to extensive experimental investigations, that were carried out primarily at the University of California at Berkeley, the University of Illinois at Urbana, and the University of Michigan. However, because of the large number of influence factors it is difficult to organize the available data in a systematic way. The investigations which are most suitable for forming the foundation of the needed data base are those by Hwang [3] and Scribner and Wight [7]. Low-Cycle Fatigue of Plain and Fibre-Reinforced Concrete In order to study the energy dissipation capacity of plain and fibre-reinforced concrete, 4-inch cubes were loaded cyclically under load control up to failure (for a detailed report see [2]). Table 1 summarizes some pertinent information on the specimens. All in all, nine different mixes were prepared, with typically fifteen specimens for each mix, three of which were loaded monotonically to failure, in order to determine the cube strength and to help select the various cyclic load amplitudes for the remaining cubes. Three different load amplitudes were tested, with three specimens for each data point. (The small number of samples for each data point underscores the preliminary nature of this investigation). The following stress ratios (i.e. applied stress divided by uniaxial cube strength) were selected: 0.75, 0.8, and 0.9. Several specimens were loaded with a stress ratio of 0.7 and required an extremely large number of cycles to failure. Since the objective of this study was the investigation of low-cycle fatigue behavior of concrete, this stress ratio was not pursued any further. At the upper limit, tests with stress ratio 0.9 and higher, because of statistical scatter, frequently led to failure during the first load cycle and thus had to be disregarded.
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 Fig. 1 Typical Load-Displacement Histograms Table 1. Strength data for 4-in cube specimens Specimen Mix Fibre
 
 Steel (%) PL P0.25 P0.50 P0.75 P1.00 S0.25 S0.50 S0.75 S1.00
 
 Content Ave 28 day Ave 28 day Ave 180 day 4 Cyl. Str, (psi) Young’s Mod in Cube Str. (ksi) (psi)
 
 Polyprop. (%) 0.25 0.50 0.75 1.00 0.25 0.50 0.75 1.00
 
 6,755 6,720 7,115 6,490 6,484 7,663 7,368 8,105 8,630
 
 4,370 4,420 4,470 4,400 4,310 4,660 4,770 5,020 5,050
 
 10,962 9,835 10,166 10,357 10,022 10,367 11,516 12,052 12,195
 
 Typical load-deformation histograms are reproduced in Fig. 1. As can be seen, the tests were started with a small amount of prestress, below which the load was never lowered.
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 Table 2. Low-Cycle Fatigue Results Specimen Stress Level 0.9 Plain P0.25 P0.50 P0.75 P1.00 S0.25 S0.50 S0.75 S1.00
 
 0.8 50 920 55 59 44 1,676 37 15 24
 
 13 441 41 42 31 112 36 11 8
 
 – 409 31 30 30 94 8 10 8
 
 0.75 326 9,068 1,673 636 326 2,886 260 153 166
 
 189 5,822 1,583 205 279 737 168 152 152
 
 124 5,444 1,455 188 255 248 103 33 33
 
 26,038 161,982 72,659 3,566 8,110 5,432 1,394 1,005 267
 
 1,329 4,765 6,424 699 1,016 1,804 766 719 205
 
 – 18,100 5,055 190 879 1,182 246 404 199
 
 Table 2 gives for each specimen tested the number of cycles to failure. The statistical scatter is considerable but still reasonable in comparison with test results reported elsewhere in the literature. Graphs relating stress level to number of cycles to failure (S-N curves) are shown in Fig. 2, together with straight-line approximations determined by regression analysis. Since the dissipated energy was determined for each load cycle it was possible to draw the damage accumulation curves of Fig. 3, with damage being defined according to Eq. 3. These data clearly show that Miner’s Rule, which presumes a linear accumulation of damage, is not generally applicable to either plain or fibrereinforced concrete. Except for 0.25% volume of polypropylene fibre and a stress ratio of 0.75, all results exhibit a more or less pronounced nonlinear evolution of damage. The degree of nonlinearity increases almost consistently with stress ratio, regardless of volume and type of fibre. Damage initially accumulates at a slower rate and accelerates as the specimen approaches failure. For plain concrete, the damage accumulates nonlinearly for stress ratios in excess of 0.75, which implies that Miner’s Rule may be applied with little error as long as stress ratios remain below 0.75. It should be restated that the data presented here are still preliminary in nature and based on a number of samples per data point that is clearly too small for a low-cycle fatigue investigation. Yet, a tentative damage accumulation function may be offered for plain concrete as follows: (5) where
 
 is the cycle ratio, and S=stress ratio.
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 Fig. 2 S-N Curves for Plain Concrete
 
 For variable-amplitude loading, Eq. 5 may be used to convert the damage produced by n1 cycles with some stress level S1 to an equivalent number of with some stress level S2 [4], by equating the corresponding damage cycles levels D1 and ,
 
 from which
 
 The combined damage produced by n1 cycles of load level S1 and n2 cycles of load level S2 is then,
 
 Similarly, the evolution of damage can be followed through an arbitrary sequence of loads of variable amplitude, Fig. 4, and at each stage the remaining number of cycles can be determined that the material can resist for a given load level.
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 Fig. 3 Damage Accumulation Curves
 
 Low-Cycle Fatigue of Reinforced Concrete Members For material characterization, linear elastic analyses and selected nonlinear analyses require only basic information as input, such as Young’s modulus,
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 Fig. 4 Damage Accumulation for Variable Load Amplitudes
 
 Poisson’s ratio, or the yield strength of steel. For degrading reinforced concrete, also damage accumulation information of the kind of Eq. 5 is needed. On the member level, corresponding information is as yet not available. Because of the large number of influence factors, it is not even clear how such data could be organized, once they are available. Theoretically, it should be of a member, as a possible to determine the total energy dissipation capacity function of the important influence factors and then to formulate a damage accumulation law equivalent to Eq. 5. The most significant parameters aside from the load amplitude i will be the member dimensions, concrete strength, and reinforcing details, both for flexural, shear and confinement reinforcement. The establishment of the required data base is clearly a formidable undertaking, but indispensible for a rational alternative to the empirical hysteretic loaddeformation relationships with ever more complex Takeda-type rules. Only with such a damage accumulation law will it be possible to predict the response of a reinforced concrete member to an arbitrary load history all the way through failure. At the same time it will be possible to assess the reliability or safety of a damaged member by quantifying its residual energy dissipation capacity. This analysis challenge is further complicated by the existence of different potential failure modes. If a member were known to fail in flexure, then a model could be constructed as described above. But shear and bond failure modes and concrete crushing cannot be ignored. Moreover, each failure mechanism has in general its own damage accumulation rate, so that it is virtually impossible to predict a priori which failure mode will eventually prevail.
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 Dynamic Analysis of Reinforced Concrete Frames The basic objective of nonlinear dynamic analysis of a structure is to simulate numerically the response to load as realistically as possible. The member models incorporated in the various existing computer programs are either empirical or rational. In the empirical approach, experimental data are analyzed for the influence of selected dominant parameters, and some “law” is established with several free constants, which are determined typically by regression analysis or more sophisticated system identification techniques. An extreme example is the damage model of Park and Ang (1985), (6) where δmax=maximum deformation experienced so far, δu=ultimate deformation under monotonic loading, Qy=calculated yield strength, dE=dissipated energy increment, and (7) with l/d=shear span ratio, no=normalized axial force, ρw=confinement ratio, Pt= longitudinal steel ratio. The concatenation of the influence parameters deemed most significant in Eq. 7 has clearly an element of arbitrariness. Likewise, it is not obvious what physical evidence suggests the linear superposition of the two components that make up the damage index in Eq. 6. Therefore, it is uncertain whether the model yields realistic results outside the range of parameters for which it has been calibrated. The rational approach towards constructing a model relies on basic material information of the kind described earlier and on physical insight and understanding of member response. The advantages are obvious in that the range of applicability is extended beyond a narrow domain of data used for calibration, and the element of arbitrariness is replaced by physical insight. The difficulties of the rational approach have been pointed out before and cannot be ignored. Yet, short of expensive experimental studies, there seems to be no alternative to fulfilling the analyst’s objective of predicting the strength and stiffness degradation of reinforced concrete frames to a given load history and then using this information to provide rational assessments of the residual or remaining safety of a building that had been damaged by an earthquake.
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 SEISMIC MOTION DAMAGE POTENTIAL FOR R/C WALLSTIFFENED BUILDINGS K.MESKOURIS, W.B.KRÄTZIG, U.HANSKÖTTER Lehrstuhl für Statik und Dynamik Ruhr-University Bochum P.O. Box 102148, D-4630 Bochum 1, Germany
 
 ABSTRACT Seismic damage in buildings is heavily dependent on the number of load reversals experienced, which correlates mainly with strong motion duration. While for sites with low seismic damage potential linear models are sufficiently accurate for design purposes, nonlinear models are essential if a large number of load reversals is to be expected. A classification of probable ground motions at a site according to their damage potential is proposed and some accompanying problems are discussed in connection with nonlinear analyses of large wallstiffened R/C buildings. INTRODUCTION It is well-known that shear walls greatly reduce seismic damage in high-rise buildings by drastically limiting drift demand. If we are dealing with a site of high seismic motion damage potential, implying a large number of load reversals, it is meaningful, at least for buildings of a certain importance, to conduct nonlinear analyses which furnish the structure’s temporal damage evolution, in order to be able to assess already in the design stage merits and weaknesses of a certain design variant. Description of seismic risk at a site by a single parameter, e.g. peak ground acceleration, PGA, is not very meaningful, and it has been observed that damage does not correlate well with measured PGA values. To quote HOUSNER, who, in his monogragh [1, p.57] has drastically illustrated this
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 problem, “…peak acceleration gives a completely misleading impression of the destructive potential of accelerograms like Melendy ranch and Rocca, and seriously underestimates the strength of artificial records…which have most of their energies in lower frequencies than those that typically determine peak acceleration”. On the other hand, peak ground velocity, velocity spectral ordinates and strong motion duration values (the latter defined after [2] as time elapsed between 5% and 95% of the HUSID-diagram) are better descriptors, being directly connected with the energy involved. FAJFAR [3] proposed a factor I=vg tD0.25 as an intensity measure for scaling ground motions, with maximum ground velocity vg and strong motion duration tD. Some problems associated with such intensity measures will be briefly addressed in the next section before considering the problem of nonlinear analysis of wall-stiffened R/C buildings. DAMAGE POTENTIAL OF GROUND MOTIONS Regarding damage potential of ground motions, a classification of probable records into one of three types (S, M and L) has been proposed [4] according to characteristics such as strong motion duration, central period and quotient of max. ground acceleration to max. ground velocity (see Table 1 below). TABLE 1 Proposed classification of ground motions
 
 - Duration tD [s] - Central period T0 [s] - ag/vg [g/m/s]
 
 S-type
 
 M-type
 
 L-type
 
 < 10 1.0
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