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ABSTRACT OF THE DISSERTATION
Adjacent buildings subjected to seismic excitations collide against each other when the separation distance is not large enough to accommodate the displacement response of the structures relative to one another. As shown by field observations and by numerical models, seismic pounding can cause severe damage on the affected structures. While these undesirable effects can be prevented by providing adequate separation distances, implementation of generous separations is not possible in metropolitan areas because of maximization of land usage. 
First, an extensive review of the current state-of-the-art on pounding and on mitigation with a connector linking adjacent structures is made. The only conclusion shared by the researchers is that the effect of pounding on the response of the structure is a very complex one, depending on various parameters of the structures and the characteristics of the ground motion. Due to high complexities of the pounding problems, assumptions have to be made. Most of the researchers have used single-degree-of-freedom systems but this model cannot represent the formation of a storey mechanism or the impact between slab and column. Another assumption generally made is to model linear structure. However, the author found that when pounding occurs, a structure entering in the plastic domain cannot generally be adequately represented by an elastic model.
Various assumptions and restrictions are applied to these models. Non-linear direct time history analyses are realized with three artificial accelerograms. The problem has been reduced to a two-dimensional one. The interaction between soil and structure has been neglected. The structures studied have been designed according to Eurocodes [EC8, EC2] for a peak ground acceleration of 0,4g, 0,25g and 0,10g. Beams and columns are idealized as distinct elements and all inelastic deformations are considered concentrated at their two ends (point hinge models). Contact points are known a priori and located at each slab of the buildings. The Kelvin model, a spring and a dashpot used in combination with a gap element, is used in SAP 2000 program to simulate the pounding phenomenon.
The pounding effects are first studied. The study concerns adjacent structures having same and different total height and (non)aligned floor levels. It was found difficult to give rules to anticipate the response of the adjacent buildings. This is due to the complex but necessary non-linear behaviour of pounding and structures. In short, pounding amplifies the displacements and the shear action effects of the impacted buildings. These effects can lead to serious damage caused by P-Delta effects or by shear brittle failure. As expected, pounding phenomenon is found to be very dangerous for buildings having non-aligned floor levels.
The second part of the work studied the use of connections between adjacent buildings. The study consists in exploring problems and solutions in order to provide guidance to designers. Following the numerical simulations, a practical guide is presented to assist engineers in the choice of the adequate type and properties for the reconnection with reference to the characteristics of the structures submitted to pounding and to their stand-off distances.

RESUME DE LA DISSERTATION

Des bâtiments voisins soumis aux séismes s'entrechoquent lorsque le joint sismique n'est pas assez grand pour accommoder le déplacement relatif des structures. L'observation lors de tremblements de terre précédents et les résultats des analyses sismiques réalisées montrent que le martèlement sismique peut causer des dégâts importants aux structures impliquées. Ces effets indésirables peuvent être évités par l'utilisation d'une distance de séparation adéquate. Cependant, le coût élevé d'un mètre carré de terrain en ville rend la mise en œuvre de joints sismiques très onéreuse.
Une étude complète de l'état de l'art concernant le martèlement et la reconnection comme moyen de solution a été réalisée. La seule conclusion commune à tous les chercheurs peut être résumée comme suit: l'effet du martèlement sur les structures est un problème très complexe dépendant de nombreux paramètres de la structure et du séisme lui-même. Pour répondre à cette complexité, des hypothèses et des suppositions ont dû être réalisées. La plupart des chercheurs ont, par exemple, modélisés les structures par un système à un degré de liberté. Cependant, ce modèle ne permet pas de représenter la formation d'un mécanisme d'étage ou l'impact entre une dalle et une colonne. Une autre hypothèse couramment effectuée est une modélisation élastique de la structure. L'étude réalisée dans ce travail rejette ce postulat en montrant que lorsque une structure se plastifie et est soumise à de l'entrechoquement, son comportement ne peut être représenté par un modèle élastique.
Pour ce faire, plusieurs hypothèses ont été opérées dans ce travail. Des analyses non linéaires par intégration numérique directe des équations différentielles du mouvement en utilisant 3 accélérogrammes artificiels ont été réalisées. Le modèle réalisé est bidimensionnel. L'interaction sol - structure est négligée. Les structures sont dimensionnées selon les Eurocodes [EC2, EC8] pour un niveau d'accélération de 0,4g, 0,25g et 0,10g. Les éléments poutres et colonnes sont modélisés par des éléments finis élastiques ayant des déformations plastiques possibles à leurs deux extrémités. Les points de contact sont supposés connus et les impacts peuvent avoir lieu à chaque étage des deux bâtiments voisins. Le modèle Kelvin, combinant un ressort et un amortisseur en parallèle à un élément "gap", est réalisé dans le programme SAP 2000 pour modéliser le phénomène d'entrechoquement. 
Les problèmes d'entrechoquement sont  étudiés en premier. L'étude porte sur des structures ayant ou non une même hauteur totale, avec ou non des planchers alignés. Il résulte des analyses accomplies une difficulté à prévoir les effets du martèlement sur les structures voisines. Ce résultat est dû à la complexité des problèmes d'impact. Globalement, le martèlement amplifie les déplacements et les sollicitations de cisaillement des structures. Ces effets peuvent conduire à des dommages importants suite à l'effet P-Delta et/ou à la rupture fragile de cisaillement de ou des colonnes. De plus, les modèles numériques montrent, comme attendu, l'extrême dangerosité du phénomène d'entrechoquement pour des bâtiments adjacents dont les planchers ne sont pas alignés.
La deuxième partie du travail étudie les possibilités de solutionner les problèmes de martèlement en utilisant un connecteur entre les structures adjacentes. Suite aux modèles numériques réalisés, un guide est présenté pour aider les ingénieurs dans le choix du type de connecteur à mettre en place. Ce choix dépend des caractéristiques des structures impliquées dans le martèlement ainsi que de leur entre distance.
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1.1 Problem description

Building collision, commonly called ‘pounding’, occurs during an earthquake when, due to their different dynamic characteristics, adjacent buildings vibrate out of phase and the at-rest separation is insufficient to accommodate their relative motions. Pounding means an instance of rapid strong pulsation and sometimes, like hammering, repeated heavy blows. Because building separations in urban areas are often insufficient to preclude pounding, there is a need for safe and economical retrofitting methods to reduce structural pounding. 
In the past, major earthquakes affecting large metropolitan areas have induced severe pounding damage. In some cases, the additional forces generated by the impact interactions have led to collapse structural problem. In other cases, the buildings presented minor local damages, but indicating that pounding may be a serious threat to the structures if a stronger earthquake take place. In recent years, research has being done to study the pounding phenomenon. Pounding has been included in the list of important areas to be checked during a seismic evaluation, but in general, the engineer does not have much information on how to evaluate the effects of pounding, nor how to reduce them. This is the objective of this study.
1.2 Objectives and scope of research

The overall goal of the project is, beside the study of pounding problems, to develop strategies for retrofitting closely spaced buildings to reduce the potential for damage due to seismic pounding, while minimizing the modifications to the existing structural system. Many possibilities of mitigation exist. All of them will be explained in details but special attention is carried on connection between buildings, commonly called Pounding Reduction Devices (PRD's). 
The pounding reduction device serves three major purposes:

· maintaining building separation ;

· limiting load transfer between buildings ;

· energy dissipation.

The first purpose of the device is to reduce forces that help to maintain a constant building separation distance. The second purpose of the link is to limit the levels of the impact or exchange load that are within the existing lateral load capacities of the adjacent buildings. By limiting the peak link forces, the device can be designed for installation without upgrading the existing lateral load carrying systems of the buildings. The third purpose is based on the fact that passive control systems can enhance the ability of a structure to dissipate energy.

The retention of the natural frequencies of the unlinked buildings after the installation of the connectors is especially desirable for the adjacent buildings that have been already built and need to be strengthened.

1.3 Outline of dissertation

This dissertation is organized into nine chapters with the following contents.
Chapter 1 is the present introduction.
Chapter 2 presents an overview of seismic pounding. Various analytical models used to simulate impact are summarized. Past researches on seismic pounding are also summarized.

Chapter 3 submits an overview of pounding mitigation. Various ways of mitigation are presented in details and an extended state of the art on connection between buildings is summarized.

Limitations of the analyses made are discussed in Chapter 4. All the assumptions made are explained and criticized. 
Chapter 5 develops critics of simple methods proposed to evaluate pounding effects.
Different cases of pounding can exist, like pounding between structures with/without the same height, with/without aligned floors levels, etc. Depending on the type of structures under consideration, the result of pounding can be more or less dangerous. Mitigation is also function of the buildings characteristics. All these cases are discussed in Chapter 6.
Chapter 7 proposes general recommendations, established in literature and in this work, on the reconnection as a way of mitigation pounding.
To conclude, Chapter 8 shows a summary and a conclusion of this research and gives some perspectives for future developments. 
2  Overview of Seismic pounding
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2.1 Introduction

In dense urban settings, the potential for closely spaced buildings to pound against each other exists. Pounding occurs when buildings have different dynamic characteristics those are governed by building stiffness (period of vibration), floor height, mass, number of storeys, and building structural type. Pounding has caused severe damage and even collapse in urban earthquakes, which are described further on. 

Each time a collision occurs, the buildings are subjected to short lateral impact forces not specially accounted for in the conventional design process. The pounding forces can be several times greater than the seismic action effects anticipated by building codes. Pounding can cause instant collapse, thus reducing the survival chances of the occupants. These impact forces produce high-amplitude, short-duration, local accelerations which can induce damage in structural members or mechanical/ electrical components of the buildings. Furthermore, earthquake pounding can amplify the overall dynamic response of the buildings. Moreover and to a less dangerous manner, closely spaced buildings in dense urban environments are also subjected to the failure of hazardous adjacent buildings or building components. The pounding of one building against another can loosen material, thus endangering pedestrians below, or it can lead to a weakening of either structure concluded in a premature failure. The problem is increased if there is an older adjacent building, built to less stringent seismic codes. Designers should carefully assess neighbouring structures and design against possible objects falling from them (e.g., unreinforced parapets, walls or chimneys).
2.2 Different cases of pounding
Poundings can be developed between high-rise buildings, between low-rise buildings, as well as between high-rise and low-rise buildings during strong earthquakes. Pounding during earthquake can also take place between a non-structural component and the structure itself as well as between two adjacent components. 
Observation of previous earthquakes shows certain characteristics related to pounding. Buildings of similar height and with similar structural systems tend to suffer less damage than buildings of different height and with different structural systems. This is because buildings with the same height will have similar natural frequencies and will tend to move in-phase relative to one another. On the contrary, buildings of different height or with different structural systems will have different natural frequencies and will tend to sway out-of-phase with respect to each other; this may lead to damage that is more serious.
Results from field observation and numerical studies also show that weak buildings in contact with stronger buildings in a city block may actually benefit from such contact, if pounding does not cause any serious local damage from which failure could be initiated. This remark illustrates that pounding problems must be treated case by case.
A classification of the different type of pounding which can appear is presented below (Figure 2‑1).

· case A: Adjacent buildings with equal height and with aligned floor levels ;
· case B: Adjacent buildings with unequal height and with aligned floor levels ;
· case C: Adjacent buildings of similar or different height, with not aligned floor levels ;
· case D: Buildings with a small seating length (unseating of beams) ;
· case E: Buildings in a row ;
· case F: Corner buildings in city blocks ;
· case G: Buildings with an asymmetric structure (torsional pounding).
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Figure 2‑1. 
Representation of the different situations where pounding occurs
2.3 Classification of damage
Poundings may cause both architectural as well as structural damages. One type of classification of damage could be:

· major structural damage (Figure 2‑2 b) ;

· failure and falling of building non-structural elements creating a life-safety hazards ;

· loss of building function due to failure of mechanical, electrical or fire protection systems ;

· architectural, non-structural and/or minor structural damage (Figure 2‑2 a).
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Figure 2‑2. 
a) The pounding of two similar buildings with floors at the same levels caused damage to the façades as well as spalling etc. to the structure (Mexico 1985) b)Total collapse of building (Mexico 1985): the modern building in reinforced concrete to the left collapsed further to the shocks with the ancient very stiff building to the right
Pounding to essential facilities, such as hospitals, fire stations and communications centres could hinder the process of earthquake recovery. For example, during the earthquake of Kobe in 1995, damages caused to hospitals, electrical and communication systems made the rescue more difficult. Figure 2‑3 shows the twelve-storey reinforced concrete structure, which housed the Ministry of Communications and Transport and the nation's main microwave transmitter after the earthquake in Mexico City, September 19, 1985. Failure of this structure precipitated a near total collapse of long-distance communications between Mexico City and the rest of the world and complicated the coordination of international rescue efforts. 
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Figure 2‑3. 
Aerial view of top failure of Central Communications Centre
2.4 Analytical models for impact
Pounding between adjacent structures is a very complex phenomenon, which can involve plastic deformation at contact points, local crashing or crushing as well as fracturing at the contact, friction, etc. Due to this complexity, modelling of impact is an extremely difficult task. These non-linear deformations are not easily incorporated into the modelling of pounding. Therefore, idealizations and assumptions have inevitably been used in theoretical models. For example, structures have been idealized as rigid barriers, single-degree-of-freedom oscillators or multi-degree-of-freedom oscillators; pounding between structures have been modelled by linear dashpot-spring system or non-linear impact model. Despite of these simplifications, theoretical analyses have been valuable in providing insight into the pounding mechanisms.
Practically all studies assume that pounding occurs at the levels of floor diaphragms. Another limitation is that nearly all researchers are concerned only with the effects of pounding on the overall structural response and not with the local effects, such as the damage to a column (or columns) pounded by the slab of the adjacent building.
The collisions between adjacent buildings are simulated either by means of special contact elements (of the spring-dashpot type) activated when the bodies come in contact or by applying the impact laws of mechanics for particles (stereomechanical impact), with a coefficient of restitution (CR) for plastic impacts. The first approach, also called piece-wise impact or simply contact element method, can provide a better approximation to the real problem, under the condition that appropriate values of the impact element properties be used. Moreover, while these properties are highly uncertain and hence difficult to determine with accuracy, it turns out that the response is quite insensitive to wide changes in their values.
2.4.1 Contact element method

The contact element approach is a very widely used formulation because of its easy adaptability and logical nature to model impact. The impact phenomenon is modelled by using a contact element that is activated when the gap between the structures closes. A spring with high stiffness is necessary to provide a realistic estimate of the impact force, ensure small impact duration and limit the penetration or overlapping between adjacent segments. This spring may be used in conjunction with a damping element. However, using a spring of very high stiffness can result in unrealistically high impact forces and lead to numerical convergence problems. The solution difficulties arise from the large changes in stiffness upon impact or contact loss, thus resulting in large unbalanced forces affecting the stability of the assembled equations of motion.
Three types of contact have been used in the past: Linear spring element, Kelvin-Voight element, and the Hertz contact element.
2.4.1.1 Linear spring element
The simplest contact element consists of a linear elastic element (Figure 2‑4). The spring is assumed to have restoring force characteristics such that only when the relative distance between the masses becomes smaller than the initial distance (gp), the spring contracts and generates forces, which enable us to consider the phenomenon of pounding within the framework of an ordinary response analysis. This collision spring is assumed to be the axial stiffness of the floors and the beams in each storey.

The force in the contact element may be expressed according to :
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Where u1 and u2 are the displacements of the impacting bodies, kp is the spring constant of the element and gp is the static separation between the structures.

The present model for impact has been extensively used by Maison and Kasai [~1990].
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Figure 2‑4. 
Piece-wise linear spring contact element

This approach can be easily implemented in commercial software. However, energy loss during impact cannot be modelled. Whenever two mechanical systems collide there is an exchange of momentum and energy is dissipated in the high stress region of contact. This energy dissipation is the work involved in damped elastic behaviour and also plastic deformation and fracture. 

A generalization of the piece-wise linear stiffness contact element considers non-linear stiffness for the contact element. The simplest of the models proposed considers two stiffnesses, an approaching stiffness ki and a higher stiffness for separation kf. 
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Figure 2‑5. 
Force displacement for a generalization of the piece wise model

The present model includes some energy dissipation due to hysteretic behaviour at the impact element, which is represented by the surface of the triangle at Figure 2‑5.

2.4.1.2 Kelvin-Voight element
The Kelvin-Voight element is represented by a linear spring in parallel with a damper, as shown in Figure 2‑6. This model has been widely used in some studies [Anagnostopoulos, 1988; Wolf and Skrikerud, 1980; Jankowski, 2004]. The stiffness of the impact spring is typically large and represents the local structural stiffness at the point of impact that will react to the shocks during contact. The constant of the associated dashpot determines the amount of energy dissipated during impact. 
The forces in the contact element may be calculated from : 
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Where kp and cp are the spring and dashpot constants of the element, u1 and u2 are the displacements of the impacting bodies, 
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 are the velocities of the impacting bodies and gp is the static separation between the structures.
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Figure 2‑6. 
Traditional Kelvin model
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Figure 2‑7. 
Force – velocity relationship in a Traditional Kelvin model
The damping coefficient (cp) can be related to the coefficient of restitution (CR), by equating the energy losses during impact [Anagnostopoulos, 1988]):
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Where m1, m2 are the colliding masses and ξi is the damping ratio.

Values of ξi and corresponding values of the coefficient of restitution (CR) are listed in Table 2‑1. The value of CR ranges from 0 (for perfectly plastic impact) to 1,0 (for elastic impact).
Table 2‑1.  
Value of the damping ratio in function if the coefficient of restitution

	ξi
	0,00
	0,02
	0,05
	0,10
	0,20
	0,50
	1,00

	CR
	1,00
	0,94
	0,85
	0,73
	0,53
	0,16
	0,00


The disadvantage of the traditional Kelvin element is that the viscous element remains activated when the structures tend to separate, that is, the dashpot in the element opposes the motion of the structure when they come together, but also opposes the motion of the structure when they bounce back, which does not have a physical explanation.

A variation of the Kelvin model may include a non-linear spring and a contact element that only contributes for positive loading, see Figure 2‑8. This model is called the Impact Kelvin element. 
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Figure 2‑8. 
Impact Kelvin Element
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Figure 2‑9. 
Idealized dashpot response for the Impact Kelvin Element
2.4.1.3 Hertz contact 

In pounding, one would expect the contact area between neighbouring structures to increase as the contact force grows, leading to a non-linear stiffness. In order to model highly non-linear pounding more-realistically, Hertz impact model has been adopted by various authors [Davis, 1992; Jing and Young, 1990 and 1991; Chau and Wei, 2001; Chau et al, 2003]. This model uses the Hertz contact law: a non-linear spring in an impact oscillator. The main restriction of their works is that only pounding of a SDOF oscillator on a stationary barrier or on a barrier moving with 'locked-to-ground-motion' is considered. 

The force in the contact element may be expressed as:
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Where kp is the spring constants of the element, u1 and u2 are the displacements of the impacting bodies and gp is the static separation between the structures. The coefficient kp depends on material properties and geometry of colliding bodies.
The Hertz contact law corresponds to the solution of static contact of two elastic bodies. Nonetheless, the formula has been extrapolated to the cases of dynamic contact problems [Goldsmith, 1960]. The Hertz contact law, considering elastic bodies, is incapable of taking into account dissipation during impact phenomenon. The value of the Hertz exponent, 3/2, may be different for real pounding, but Davis [1992] has shown that the exact value may be altered without radically changing the oscillator response.

An improved version of the Hertz model, called Hertzdamp model, has been considered by Muthukumar and DesRoches [2004] whereby a non-linear damper is used in conjunction with the Hertz spring. Similar models have been used in other areas such as robotics, and multi-body systems. However, their efficiency in structural engineering has not been considered. 
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Where kp and cp are the spring and dashpot constants of the element, u1-u2-gp is the relative penetration and 
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A non-linear damping coefficient (cp) is proposed so that the hysteretic loop matches the expected loop due to a compressive load that is applied to and removed from a body within its elastic range at a slow rate: 
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Equating the energy loss during stereomechanical impact to the energy dissipated by the damper, the value of ξ can be related to the spring constant, kp, the coefficient of restitution, CR, and the relative velocities of the bodies at the instant of impact, 
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The contact element approach has its limitations, with the exact value of spring stiffness to be used, being unclear. Uncertainty in the impact stiffness arises from the unknown geometry of the impact surfaces, uncertain material properties under loading and variable impact velocities.
2.4.2 Stereomechanical Impact

The stereomechanical theory of impact is the classical formulation to the problem of impacting bodies. The stereomechanical approach assumes instantaneous impact and uses momentum balance and the coefficient of restitution to modify velocities of the colliding bodies after impact. 

The original theory considered the impacting bodies as rigid; later a correction factor to account for energy losses was introduced. The theory concentrates on determining the final velocities of two impacting bodies depending on their initial velocities and a coefficient of restitution to account for plasticity during impact. Due to macroscopic approach to the problem, the theory does not consider transient stresses and deformations in the impacting bodies. Permanent deformation of the bodies is implicitly accounted for by the coefficient of restitution (CR). The part of the initial kinetic energy that is transformed into post-impact vibrations in one of the impacting bodies is assumed negligible.

The inconvenient of the method is that it is no longer valid if the impact duration is large enough so that significant changes occur in the configuration of the system. This implies that the duration of impact is neglected. Furthermore, it cannot be easily implemented into existing commercial software.

The final velocities ((2.14)

), when two non-rotating bodies impact and when the contact point and the centre of mass of the bodies lie in the same line (central impact), are given by:
(2.13)

 and
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Where 
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 are the initial velocities of the bodies at the onset of impact, m1 and m2 are the masses, and CR is the coefficient of restitution: 
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Figure 2‑10.
Stereomechanical impact: (a) Pre-impact state; (b) Post-impact state.

Traditionally the value of the coefficient of restitution was assumed to depend only on the material properties; however, the influence of the mass, the shapes, and the relative velocities has been recognized. The coefficient of restitution is traditionally determined from observations of rebound height (h*), when a sphere is dropped from a height of h on a massive plate of the same material: 
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When two spheres of different materials collide, the coefficient of restitution may be estimated from :
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Where CR11 and CR22 are the coefficient of restitution for a sphere impacting a plate of the same material, and E1 and E2 are the elasticity modulus of each sphere.

It should be noted that at CR equal 1, the Kelvin model reduces to the linear spring and the Hertzdamp model reduces to the Hertz model.

Athanassiadou, Penelis and Kappos [1994] modelled the contact between two structures by assuming it instantaneous and the values of velocities to be used at the new time step are calculated using Newton's law in combination with the principle of conservation of momentum. They concluded that the effect of the coefficient of restitution in the realistic range of 0,2 to 0,8 is relatively minor.
It has been shown that the variation in the coefficient of restitution (CR) has a relatively minor effect on the structural response due to pounding (Athanassiadou et al. [1994]).

Papadrakakis et al. [1991] proposed an algorithm, which can be incorporated into computer program. The method is based on the Lagrange multiplier approach by which the geometric compatibility conditions due to contact are enforced. 

2.4.3 Impact models applied to seismic pounding

Muthukumar and DesRoches [2004] have made an evaluation of impact models for seismic pounding. The adjacent structures are represented by a simplified two degree-of-freedom oscillator. Only elastic system response is considered. 
Models that cannot represent energy loss, linear spring and Hertz model, overestimate the displacement amplification due to pounding. The maximum impact force is much higher for models based on a linear spring, such as the Kelvin and linear spring models. The Hertzdamp model provides the lowest impact force among force-based models. The stereomechanical model is not a force-based model. Hence, there is no impact force and consequently, no amplification in the acceleration response. The stereomechanical and contact force-based models (Kelvin, Hertzdamp) predict similar displacement responses, despite using different impact methodologies, for a given coefficient of restitution (CR). Generally, the Hertzdamp model predicts lower acceleration amplifications than the Kelvin model. Pounding models that account for energy loss during impact are best suited to simulate pounding. Neglecting energy dissipation due to impact overestimates both the displacement and acceleration responses of the stiff system.

Jankowski [2004] verified the accuracy of different pounding force models; the results of the numerical analysis have been compared with the results of experiment. The results of the analysis indicate that the Hertzdamp model is the most precise in simulating the pounding force history during impact. He found that for the case of the linear viscoelastic model (Kelvin model), a negative force can be observed close to the separation. In case of the non-linear elastic model (classic Hertz contact law) the pounding force history at approach and restitution periods is symmetric due to elastic behaviour resulting in higher maximum pounding force value and longer time of contact.
2.4.4 Summary on impact model used in Seismic Pounding
Table 2‑2 presents a summary of the different models used to represent pounding phenomenon. The advantages, disadvantages and list of authors who utilised the models are presented. 
Table 2‑2.  
Summary of pounding model

	Piece-wise model

	Model
	Advantage
	Disadvantage
	Used by

	Linear spring
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	Easily implemented in software
	Energy loss cannot be modelled
	Maison & Kasai [1990, 1992]

	Variation: non-linear stiffness
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	Stay simple
	Some energy dissipation due to hysteretic behaviour
	Valles and Reinhorn [1997]

	Kelvin-Voight
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	The constant of the dashpot determines the amount of energy dissipated
	The viscous element remains activated when the structures tend to separate
	Anagnostopoulos [1988], Wolf and Skrikerud [1980], Jankowski [2004]

	Variation: Impact Kelvin element
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	The viscous element does not remain activated when the structures tend to separate
	Time consuming
	 

	Hertz Contact
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	More realistic 
	Energy loss cannot be modelled
	Davis [1992], Jing and Young [1990 and 1991] Chau and Wei [2001] Chau et al [2003]

	
	
	
	Not easily implemented in software
	

	Hertzdamp model
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	The constant of the dashpot determines the amount of energy dissipated
	 
	 

	General comment
	The piece-wise model can provide a better approximation than stereomechanical to the real problem, under the condition that appropriate values of the impact element properties be used.


	Stereomechanical 

	Model
	Advantage
	Disadvantage
	Used by
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	Classical formulation of the problem
	Not valid if the impact duration is large
	Athanassiadou et al. [1994], Papadrakakis et al. [1991...]

	
	Permanent deformation is accounted by the coefficient of restitution
	Difficult to implement in software
	


Table 2‑3.  
Comparison between pounding models and experiments
	Piece-wise model

	Model
	Authors
	Comments

	Linear spring
	Filiatrault et al. [1995]
	Accurate displacements and impact force results but amplitude of short acceleration pulses were not well predicted

	Hertz Contact
	Chau et al. [2003]
	The estimated relative impact velocity and the maximum stand-off distance to prevent pounding agreed qualitatively with the experiments

	
	Chau et al. [2004]
	Torsional pounding

	Stereomechanical 

	Model
	Authors
	Comments

	Resolution based on Lagrange multiplier
	Papadrakakis et al. [1995]
	Good agreement between analytical and experiment results but the author did not say anything about the peak accelerations


2.5 Review of previous studies on impact between structures
2.5.1 Introduction

Impact between adjacent structures during an earthquake is a phenomenon that has attracted considerable research interest in the recent past.

Pounding is inherently non-linear due to its impact (i.e. contact) problem characteristics. Most of the analytical works use single-degree-of-freedom (SDOF) systems in order to simplify the problem and concentrate on the non-linear aspects. The main purpose is to gain an understanding of the macro-behaviour of structures under pounding and to develop simplified methods allowing an approximate treatment of the problem.

The studies presented consider:

· either one single-degree-of-freedom  oscillator with side barrier ;

· several single-degree-of-freedom  oscillators which can contact each other ;

· several multi-degree-of-freedom oscillators, which can contact each other.
2.5.2 SDOF oscillators studies
Wolf and Skrikerud [1980] investigated two and one-sided impact of a single degree of freedom structure, as sketched at Figure 2‑11 in which ground acceleration is imposed to the basis of an oscillator. Side barriers limit the displacements. They studied pounding using piece-wise linear spring for the contact element. The study focused on elastic impact, the effect of energy dissipation in the impact process was not investigated. They derived expressions giving the effective "natural periods" of such systems and then computed response spectra for harmonic input and for artificial earthquake motion. Owing to the simplicity of their approach, they were able to draw broad insights into the hammering process. They found that pounding hardly changes the global seismic response of the involved structure. For very flexible structures an increase in the global response occurs, whereas for stiff structures a slight decrease is even observed. Significant stresses resultants and displacements occur in the vicinity of the area of impact. The impact force-time history contains substantial amplitudes of high frequency. In addition, because it acts on a small area, modes of higher frequency are strongly excited. This leads to an increase of the in-structure response spectra in the high-frequency domain range throughout the structure.
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Figure 2‑11.
One and two-sided impact of a single degree of freedom structure

Recently Davis [1992] has used a SDOF oscillator interacting with either a stationary or a moving neighbouring barrier. Impact forces are described by non-linear Hertz law of contact and results are given in the form of impact velocity spectra for harmonic base input. These spectra are characterized by a strong peak near a period equal to one-half the natural period of a similar non-impacting oscillator. In effect, the impact oscillator has a natural period equal to roughly half the value it would have had if the neighbouring structure had not been present.

More recently, Chau and Wei [2001] extended the model of Davis that studied the rigid impact of an oscillator pounding on a stationary barrier. They consider poundings (as non-linear Hertzian impact) between two adjacent structures under harmonic earthquake excitation. When the difference in natural periods between the two oscillators increases, the impact velocity also increases drastically. Parametric studies show that the maximum relative impact velocity is not very sensitive to changes in the contact parameters. The peak of the impact velocity spectrum occurs at an excitation period T* which may be less than both T1 and T2. Thus, the maximum impact velocity may occur at a period less than those of the oscillators may. This is undesirable in view of the fact that higher level of ground excitation at lower period is recommended in nearly all seismic design codes. In addition, unwanted period shift of an existing structure imposed by the construction of a new building in its neighbourhood may lead to unprepared and unexpected damages of the former during earthquakes. 
One-side impacts SDOF systems have also been studied as a random vibrations problem. Jing and Young [1991] used a Hertzian impact law. As David [1992] found, their expressions show that the effective frequency of the impacting system can be up to two times the natural frequency of the system without impact. This shift could have adverse effects for flexible structures with fundamental period in the region of the descending branch of an earthquake design spectrum.

Pantelides and Ma [1998] considered poundings between a damped SDOF structure with either elastic and inelastic structural behaviour and a rigid barrier. The pounding phenomenon is modelled as a Hertz impact force. Artificial as well as actual earthquake excitations were used in numerical evaluations of the seismic response. The response of the inelastic structural system is compared to that of an elastic structure. The inelastic structure has considerably smaller accelerations as compared to the elastic structure and the maximum displacement of the inelastic structure is larger than that of the elastic structure. Moreover, the maximum pounding force and number of pounding occurrences are considerably less in the inelastic case as compared to the elastic case. The inelastic behaviour of structures under pounding is less conservative than the elastic behaviour assumption. This could be one of the explanations of why in general buildings experiencing pounding have shown satisfactory response in past earthquakes.

The case of several adjacent buildings in a row subjected to pounding has been studied by Anagnostopoulos [1988]. Pounding is simulated using linear viscoelastic impact elements. Elastic and inelastic systems have been examined using a set of five real earthquake motions and a wide variation of the problem parameters. Results are given in terms of displacement amplifications for exterior and interior systems (structures). The results indicate that the displacement of exterior constructions may be considerably amplified, while interior structures may experience amplification or deamplification, depending on the ratio of structural periods. The results of this study corroborate the observed greater damage that corner buildings experience, while interior buildings may exhibit a deamplification in the response. The results show that the effects of pounding diminish as the gap increases. The authors note that the relative masses of the buildings have an important effect on the response, being greater the amplification in the structure with smaller mass. Other parameters, like the stiffness of the contact element, play a minor role in the response. Impact generated accelerations, and to a lesser degree the corresponding velocities, are quite sensitive to changes in the impact element properties, especially to changes in the spring stiffnesses. These accelerations can cause damage to the contents of the building, but have little effect on the displacement response of the colliding masses.

Athanassiadou et al. [1994] have made similar work. They introduce a constant phase difference in the base motion of each system (Figure 2‑12), in an attempt to approximate travelling-wave effects. In this manner, pounding can be induced between buildings having similar or even equal periods. Although this is a gross and perhaps questionable approximation, it may give some rough idea about the effects that travelling waves may have on pounding in long building rows. The buildings are modelled as single degree of freedom structures in series with inelastic load-displacement relation. The contact between two structures is modelled by the stereomechanical impact. Results indicate that pounding induced in this manner has practically negligible effects in a row of 5 buildings. When the number of buildings in the row increases to 8, then for the first five of them pounding leads to reduced response, while for the last three buildings the response increases, though not by much.
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Figure 2‑12.
Analytical model for adjacent structures [Athanassiadou et al., 1994]
Valles and Reinhorn [1995] introduced the concept of Pseudo Energy Radius (PER) to study the effect of pounding in buildings. The response of a single degree of freedom system in the state space plane, subjected to seismic input was related to the elastic structural energy (Ee) of the system through the Pseudo Energy Radius as follows. 
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where m is the mass of the structure, ω is the frequency of the ground motion, Eemax is the maximum elastic structural energy of the system and rPER is the pseudo energy radius (PER). The Pseudo Energy Radius being expressed as units of displacement could be used to determine the critical gap to preclude pounding (gcr) between adjacent structures, as shown below. 
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Where ρ is the correlation coefficient, and r1, r2 are the pseudo energy radii corresponding to the energy levels of the two structures. Pounding occurred when the pseudo energy radii overlap and the initial separation between the structures (gp) was less than the critical gap (gcr). The impact of the structures was assumed to occur at their respective maximum energy levels imposed by the earthquake. The stereomechanical approach was then used to determine the post impact states of the colliding masses. The ratio of post impact PER to pre impact PER was an estimate of the amplification effects due to pounding. However, the concept of PER is based on the maximum elastic structural energy (Ee) of the system. No adjustments are made to include the effects of yielding, which may alter the structural energy of the system considerably, depending on the period of the system and characteristics of the input motion.
Jankowski [2006] proposed an impact force response spectrum for two adjacent structures, which shows the plot of the peak value of pounding force as a function of the natural structural vibration periods. The examples of response spectra show that the selection of structural parameters, such as gap size between structures, their natural vibration periods, damping, mass and ductility as well as the time lag of input ground motion records, might have a substantial influence on the peak pounding force value.

2.5.3 MDOF oscillators studies

Anagnostopoulos and Spiliopoulos [1992] extended their original studies on a series of single-degree-of-freedom systems to the case of multi-degree-of-freedom systems (Figure 2‑13). They investigated the linear as well as the non-linear response of several adjacent buildings in a row under conditions of pounding. They idealized the buildings as lumped mass, shear beam type, MDOF systems with bilinear force-deformation characteristics and with viscoelastic supports. Furthermore, the structural models include foundation compliance by means of a linear spring for translational and rotational motions. The constants for the foundation springs were determined considering a spread footing foundation on a stiff soil. Collisions were simulated by viscoelastic impact elements (a Kelvin solid) and five real earthquake motions were used. The damping constant of the contact element was calculated to yield a coefficient of restitution of 0,5. They found that pounding could cause high overstresses, mainly when the colliding buildings have significantly different heights, periods or masses. When studying the influence of different heights of the impacting structures, the authors found that the taller structure pushed the smaller one, imposing upon it in one direction its own higher amplitude and longer period motion, increasing the plastic deformation of the smaller one, while the displacements of the taller remained almost unchanged. Greater consequences for the tall building can be expected if the lower building were more massive and stronger. The parametric studies on the contact element stiffness indicated that the ductility demands are not sensitive to this parameter, while some sensitivity is observed on the response from variation of the coefficient of restitution. The authors noted that their observations were based on displacements, and not on accelerations or on the shear forces.
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Figure 2‑13.
Idealization of adjacent buildings [Anagnostopoulos and Spiliopoulos, 1992]
Maison and Kasai [1990] present a formulation and solution of the multiple degree of freedom equations of motion. The subject building undergoes pounding at a single floor level with a rigid adjacent building. A single linear spring represents the local flexibility of the buildings at their locations of contact. To simplify the problem, it has been formulated and applied by allowing only one pre-selected contact point. They found that even at the relatively large separation (90% of the sum of maximum displacements obtained without pounding) the increases in drifts and shears are significant. In situations where pounding may potentially occur, neglecting its possible effects leads to unconservative building design/evaluation.
Maison and Kasai [1992] studied the influence of different parameters to pounding between 15-storey and 8-storey buildings. The response of the taller structures becomes larger when the mass of the shorter structure increases, while the response of the shorter structure is hardly influenced by the variation in this parameter. An increase in the separation between the structures reduces the maximum response of the taller structure, while in the shorter structure a decrease in the response away from the pounding side is observed. A response increase is observed in the upper storeys of the taller structure for a decrease in the separation. The results indicated that, for the structure considered, the stiffness and damping of the contact element had little influence on the response parameters being studied, but the authors recognize that the acceleration response may be greatly influenced by the contact element stiffness. 

Instead of the spring-dashpot impact element, Conoscente et al. [1992] applied the impact laws of mechanics with the coefficient of restitution approach. With this method, contact is not limited to a single point. Two adjacent 15-storey buildings are evaluated; building 2 is about 20% more massive than the stiffer one. The results indicate the storey shears are dramatically affected by impact but these effects are localized in the areas of impact.

2.5.4 Finite element studies

The last works deal with the problem of finding an effective solution for studying the pounding problem. They used the finite element method and different method in time.
Non-linear material behaviour has also been considered. Papadrakakis et al. [1991] based a method for harmonic input on the Lagrange multiplier approach making use of coefficient of restitution for a three-dimensional finite element analysis. A Lagrange multiplier solution was proposed to enforce geometric compatibility when pounding occurs and using the formulas for stereomechanical pounding, imposes the calculated separation velocities as initial condition for the next step. The results demonstrate the amplification effect of pounding on the dynamic response of the less excited structure and the corresponding beneficial effect on the structure vibrating near its resonance. The aggravation, however, is more pronounced for the stiffer structure. They used their method [1996] to a three-dimensional model of two or more adjacent buildings, which takes into account the dynamic contact conditions in space. Two real earthquake motions were used and the effect of various in-plan configurations of adjacent buildings as well as the effect of stiffness irregularities is investigated. The combination of flexible and stiff adjacent buildings results in an amplification effect during pounding on a stiff structure for all cases considered, particularly when the excitation is near the resonance of the flexible building, and in a mitigation effect on the flexible building in the majority cases. Another important result to say is that the tests have demonstrated an amplification effect in the case of three-building orthogonal pounding with irregularities. Papadrakakis and Mouzakis [1995] experimented two-storey building frames. Two series of tests, with and without pounding, were carried out using the shaking table simulator. The experimental results were compared with analytical ones based on a formulation of the contact impact problem by the Lagrange multiplier method. Good agreement between the experimental and the analytical results was achieved.

More recently [2004], Papadrakakis and Mouzakis studied a three-dimensional pounding phenomenon of two adjacent buildings during earthquakes with aligned rigid horizontal diaphragms for linear and non-linear structural response. The interaction process between the two colliding bodies is modelled using the coefficient of restitution and the ratio μ of tangential to normal impulses, which corresponds to the coefficient of friction under certain conditions. The computation of μ is related to the energy loss of collision and is bounded by values that correspond to no sliding at separation and conservation of energy. The value of μ is defined by the condition that the total kinetic energy before and after impact remains the same and that the final relative tangential velocities at the contact point is zero. They concluded that the response of the stiff building during pounding is not substantially affected by the value of the gap separation, while the flexible one suffers larger displacements with larger gap separation.
Liolios and Galoussis [1992] made a numerical approach of the problem. The method is based on formulating the problem by the finite element method as an inequality one and on solving this inequality by average-acceleration method of time-discretization and non-linear mathematical programming. The purpose of their work is to take into account the effect of elastoplastic-softening/fracturing behaviour for unilateral contact and P-Δ effects. Two adjacent buildings of respectively 3 and 8 storey are studied. The results show an increased of the stresses in the 3-storey of the small structure and in the 8-storey of the tall one. The most significant increase is for the 4-storey of the taller structure.

Jeng and Tzeng [2000] have made a survey of the seismic separation for Taipei City. A series of pounding analyses of adjacent buildings subjected to simulated earthquakes was realized. The buildings are modelled as elastic moment resisting frames. Two adjacent buildings are studied with same level floors and different heights. The pounding mechanism was simulated by a spring. They found that as long as the separation is small enough to cause pounding, the difference in the separation distance does not produce a substantial change in the pounding effect. The maximum storey shear amplifications were observed above the pounding floor level for the taller building and at the pounding floor level for the smaller one. Storey shear amplification of the other floors is found with smaller magnitude.
Karayannis & Favvata [1998] studied the pounding problems between structures designed according to EC2 and EC8. Nonlinear analyses were performed in order to examine the influence of the pounding to the capacity requirements of the structures. A special purpose one-dimensional element is employed for the modelling of the critical columns in the pounding area. The following results were found: i) Pounding between frame structures increased significantly the ductility requirements of columns in the pounding area. ii) Poundings of an 8-storey frame with a 4-storey frame-wall system were critical and measures for the increase of the available ductility of the columns are required. In 2005, Karayannis & Favvata studied the case where the slabs of the first structure hit the columns of the other. Special attention was paid to the local effect in the external columns of the tall building that suffer impact with the upper floor slab of the adjacent shorter and stiffer structure (3 storeys). The ductility demands in these columns are increased when compared with the ones without the pounding effect. In the case where the two buildings are in contact (e=0) these demands appear to be higher than the available ductility values. Moreover, in all their examined cases the developing shear forces exceed the shear strength of the column many times during the seismic excitation.
Jankowski [2004] studied pounding of buildings modelled as elastoplastic MDOF lumped mass models and using a non-linear viscoelastic model of collisions considering two adjacent structures of 3-storey buildings with the same floor levels. The results indicate that pounding has a significant influence on behaviour of a more flexible and lighter structure amplifying its response. On the other hand, the behaviour of the heavier and stiffer structure is influenced negligibly.
2.5.5 Synthesis of the conclusions up to date in studies on impacting structures
A summary of previous studies of SDOF oscillators, MDOF oscillators and finite element studies are presented respectively in Table 2‑4, Table 2‑5 and Table 2‑6.
Table 2‑4.  
Synthesis of the previous works on SDOF oscillators

	SDOF

	N°
	Model
	Formulation of the conclusion
	Reference
	Comment

	1
	Elastic 1 DOF and a moving neighbouring barrier. 
Pounding = spring-dashpot system fixed to the ground.
 Free vibration, harmonic and transient excitation
	Very flexible structure: increase in the global response.
	Wolf and Skrikerud [1980]
	

	
	
	Stiff structures: a slight decrease observed.
	
	

	
	
	Local effect (in stresses and displacements).
	
	

	2
	Elastic 1 DOF. Stationary or moving neighbouring barrier. 
Pounding= Hertz type.

Harmonic excitation. 
	Peak in the impact velocity spectra (resonance) near a period equal to one-half the natural period of a similar non-impacting oscillator.
	Davis [1992]
	 

	
	
	For low frequency excitation: bands of response characterized by multiple impacts. Also for both low and high excitation frequency chaotic response.
	
	

	3
	2 SDOF oscillators. Pounding = Hertzian impact.

Harmonic ground shaking
	Difference in natural periods increases, the impact velocity also increases drastically.
	Chau and Wei [2001]
	 

	
	
	Impact velocity is relatively insensitive to the stand-off distance.
	
	

	
	
	Maximum relative impact velocity of the coupled system can occur at an excitation period that is either between both of them or less than both of them are, depending on the ratios T1/T2 and x1/x2.
	
	

	
	
	Maximum impact velocity not very sensitive to changes in the contact parameters.
	
	

	
	
	Peak in the impact velocity spectra in a period less than T1 and T2 (Undesirable).
	
	

	4
	A SDOF system and an elastic amplitude constraint.

Pounding= Hertzian impact law (elastic).

White noise excitation (stationary white Gaussian process with zero mean) 
	Found close form solution for the stationary random response of the oscillator.
	Jing and Young [1990]
	 

	
	
	The effect of contact stiffness and clearance are discussed probabilistically.
	
	 

	
	
	The effective frequency of the impacting system can be up to two times the natural frequency of the system without impact.
	
	Like the conclusion 2

	5
	2 SDOF vibration systems

Hertz Contact law.

Stationary white Gaussian process with zero mean.
	Under some cases, the contact phenomena still play an important role on the response even when the clearance is larger than three times the root mean square response of the corresponding without pounding systems.
	Jing and Young [1991]
	 

	6
	Damped (elastic and inelastic) SDOF with one-sided pounding.
Pounding=Elastic Hertz impact.
Artificial and actual earthquake excitations.
	They show the importance of the excitation frequency as to the occurrence of structural pounding.
	Pantelides and Ma [1998]
	 

	
	
	An increase in the damping energy absorption capacity of the pounding structure results in the reduction of the pounding forces. More effective for flexible structure and from 2% to 8% than from 8% to 20%.
	
	 

	
	
	The inelastic behaviour of structures under pounding is less conservative than the elastic behaviour assumption. Displacement is larger but the peak velocity, acceleration and pounding force in inelastic are significantly less.
	
	 

	7
	SDOF systems linear and non-linear. 

Pounding= Traditional Kelvin model.

5 real earthquake motions
	Buildings in a row.
	Anagnostopoulos [1988].
	 

	
	
	Exterior structures: displacements amplified.
	
	 

	
	
	Interior structures: displacements amplified or often deamplified.
	
	 

	
	
	The effect of multiple collisions on the response of any system are determinated predominantly by the properties of the system itself and those of the two adjacent structures.
	
	 

	
	
	No general conclusion can be made about elastic or inelastic model. For some periods, higher strength lead to higher amplifications, yet for other the opposite happens.
	
	In opposite with conclusion 6 which said that inelastic is less conservative

	
	
	Effects of pounding (number of impacts+ amplification of structural response) diminish as the gap increases.
	
	 

	
	
	Stiffness of the contact element has a little role.
	
	Same than results in this work

	
	
	Larger differences in the masses of two adjacent structures make the effect of pounding more pronounced for the structure with the smaller mass.
	
	 

	8
	2 SDOF systems (inelastic).

Pounding = Stereomechanical model.

Accelerograms with a phase difference in the starting times of excitation.
	Buildings in a row
	Athanassiadou et al. [1994]
	 

	
	
	Increased response of the end structures 
	
	Like the conclusion 7

	
	
	Increased response of the most rigid structures in the series
	
	 

	
	
	The influence of the magnitude of the phase difference on the calculated response becomes less significant, as the period ratio T1/T2 of adjacent structures increases.
	
	 

	9
	2 SDOF (elastic or non-elastic) systems.
Pounding = Hertzdamp model.

Acceleration input ground motion.
	The increase in the mass value leads to the considerable increase in the peak impact force
	Jankowski [2006]
	 

	
	
	The shapes of the spectra depend much on the PGA and on the frequency contents of the input ground motion records.
	
	 

	
	
	The increase in the ductility factors leads to the substantial reduction in the peak impact forces.
	
	 

	10
	SDOF systems.

Pounding=Stereomechanical model

Sinusoidal, narrow and broadband input.
	Introduced the concept of Pseudo Energy Radius.
	Valles and Reinhorn [1997]
	

	
	
	Proposed a method to calculate the critical gap to preclude pounding.
	
	


Table 2‑5.  
Synthesis of the previous works on MDOF oscillators
	MDOF 

	N°
	Model
	Formulation of the conclusion
	Reference
	Comment

	11
	Lumped mass, shear beam type bilinear force-deformation 
Base supported on translational and rocking spring-dashpots.

Pounding= Kelvin model.
5 real earthquakes.
	Pounding can cause high overstresses.
	Anagnostopoulos and Spiliopoulos [1992]
	 

	
	
	The taller structure pushed the smaller one, imposing upon it its own higher amplitude.

Greater consequences for the tall building can be expected if the lower were more massive and stronger.
	
	 

	
	
	Displacements not very affected by the parameter of the contact element.
	
	same than conclusion 7 

	
	
	When the separation increases, the number of collisions decreases and their effects are diminished.
	
	same than conclusion 7

	
	
	Large differences in the masses then pounding can cause high overstresses in the building with the smaller mass.
	
	same than conclusion 8

	12
	2 elastic MDOF systems.
Pounding = linear elastic spring.
Free and forced vibration pounding
	Responses progressively approach the no-pounding case results with increasing building separation. Even at large separation, the increase in drifts and shears are significant.
	Maison and Kasai [1990]
	 

	
	
	Spring stiffness: minor effects on peak displacement and drifts but more pronounced for the shears in the storey above pounding.
	
	same than conclusion 7, 11

	13
	2 elastic MDOF systems

Pounding = linear elastic spring.

Real earthquake.
	Increase in the separation reduces the maximum response of the taller, while in the shorter a decrease in the response away from the pounding side is observed
	Maison and Kasai [1992]
	 

	
	
	Stiffness and damping of the contact element  have little influence on the response parameters (but maybe on accelerations)
	
	same than conclusion 7,11, 12 

	
	
	As the difference in relative mass increases, the adverse effects of pounding increase in the building having the lesser mass
	
	Like conclusion 8 and 11

	
	
	SRSS combination is effective in reducing the likelihood of pounding.
	
	 

	14
	2 MDOF systems

Pounding = Stereomechanical method
Artificial accelerograms
	The storey shears are dramatically affected by impact but these effects are localized in the areas of impact.
	Conoscente et al. [1992]
	Like the conclusion 1

	
	
	Reduction in gap size increases the maximum storey shear at the top of buildings.
	
	same than conclusion 7,11, 12, 13 


Table 2‑6.  
Synthesis of the previous works on finite element
	Finite Element

	N°
	Model
	Formulation of the conclusion
	Reference
	Comment

	15
	MDOF systems with bilinear resistance characteristics

Pounding= stereomechanical problem.

Harmonic input
	The example shows amplification effect of pounding on the dynamic response of the less excited structure and beneficial effect of pounding on the structure vibrating near its resonance. The aggravation is more pronounced for the stiffer structure.
	Papadrakakis et al. [1991]
	Like Valles and Reinhorn

	16
	3-D model
Pounding= stereomechanical problem.
Real accelerograms
	A three-dimensional model and deformation due to torsion are taken into account
	Papadrakakis et al. [1996]
	 

	
	
	Amplification effect on the stiff structure 
	
	 

	17
	3-D linear and non-linear structural response.
Pounding= stereomechanical problem.

Real accelerograms.
	Flexible structure: suffers larger displacements with larger gap separation.
	Papadrakakis and Mouzakis [2004]
	opposite to 7 and 10

	
	
	Stiff building: not substantially affected by the value of the gap separation.
	
	

	18
	Finite element method with instabilizing effects.
Pounding=Kelvin model.

Sinusoidal input.
	Same level floors and different heights.
	Liolios and Galoussis [1992]
	 

	
	
	Maximum storey shear amplifications above the pounding floor level for the taller building and at the pounding floor level for the smaller one.
	
	

	19
	Elastic moment resisting frames.

Pounding = linear elastic spring.

9 artificial earthquake
	Same level floors and different heights.
	Jeng and Tzeng [2000]
	 

	
	
	Maximum storey shear amplifications above the pounding floor level for the taller building and at the pounding floor level for the smaller one.
	
	like the conclusion 14

	
	
	The difference in the separation distance does not produce a substantial change in the pounding effect.
	
	opposite than conclusion 7,11, 15, 17 

	
	
	no significant difference between 3 different element stiffness
	
	same than conclusion 7,11, 12, 13

	20
	Frame structures designed according to EC2& EC8.
Pounding = linear elastic spring.

3 natural excitations.
	Pounding increased significantly the ductility requirements of columns in the pounding area.
	Karayannis and Fotopoulou [1998]
	Like in this study

	21
	Frame structures designed according to EC2& EC8.

Impact between slabs and columns

Pounding = linear elastic spring.

3 natural excitations.
	Pounding increased significantly the ductility requirements of columns in the pounding area for both cases and mainly when the structures were in contact from the beginning of the action. 
	Karayannis and Favvata [2005]
	 

	
	
	Slab-column: each time the column is in a critical condition due to shear action
	
	Like in this study

	22
	Elasto-plastic MDOF lumped mass.

Pounding = Hertz model
Various earthquake records.
	Flexible and lighter structure: amplifying its response. Stiffer structure: is influenced negligibly.
	Jankowski [2004]
	Like the conclusion 1


2.6 Conclusions
Recent earthquakes have indicated that seismic pounding can cause infill wall damage and column failure in buildings. Based on a review of literature, the critical parameters affecting seismic pounding include the relative stiffness of the participating systems, gap between adjacent structures and ground motion characteristics. Impact has been modelled using contact based elements such as a linear spring, Kelvin-Voight element and Hertz non-linear spring, or a stereomechanical approach based on momentum balance and energy dissipation using the coefficient of restitution.
Pounding induced accelerations that caused damage to electrical and mechanical equipments, building parapets, and curtain walls.
It is quite impossible to make comparisons between the results of the different studies, as different researchers use different structure, ways to model their structures, models for simulating pounding, methods to analyze the structures, and quantities to measure the response of the structures. Therefore some of the conclusions reached by these researchers might seem contradictory because of the different considerations under their analyses were performed. There is not even an agreement about whether the pounding due to seismic ground motion is beneficial or detrimental to the structure response as a whole. The only common conclusion is that the effect of pounding on the response of the structure is a very complex one, depending on various parameters describing the structures and the characteristics of the ground motion. 
2.7 Experimental tests on seismic pounding
Although several theoretical studies have been performed on seismic pounding, very few experiments have been conduced to investigate the effects of impact.

Papadrakakis et al. [1995] performed shaking table experiments on pounding between two-storey reinforced concrete buildings with zero gap separation, subject to sinusoidal. The test structures were designed to remain elastic under an excitation with an acceleration design spectrum of 1,0 g. A shaking table test was conducted with a ramped sinusoidal displacement signal having a peak displacement of 0,13 cm and at resonance with the fundamental frequency of the flexible structure (f=4,1 Hz). Both pounding and no-pounding cases were studied. The results indicated that pounding amplified the displacement responses of the stiffer structure and reduced the responses of the flexible structure. A six-fold increase in the acceleration peaks due to impact was recorded but they take place within very short time duration. A consistent penetration at the contact locations was also observed. Comparison of the experimental results with analytical predictions using the Lagrange showed good agreement.
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Figure 2.9: Test set up for investigations into seismic pounding (Papadrakakis et al. 1995)




Figure 2‑14.
Test set up for investigations into seismic pounding (Papadrakakis et al, 1995)

Filiatrault et al. [1995] conducted shaking table tests on dynamic impact between adjacent three and eight storey single bay steel frames (1/8 scale model), with 0 mm and 15 mm gap separations, subject to various intensities of the 1940 El Centro earthquake. The structures remained elastic during the ground shaking. Both floor-to-floor impact and floor-to-column impact were considered and the results showed significant acceleration levels at the roof of the three storey frame, sometimes as high as 23g for the floor-to-column pounding. The experimental results were then compared with analytical results from two pounding analysis programs – SLAM-2 [Maison and Kasai, 1990b] and PC-ANSR [Maison, 1992], where impact was modelled using a linear spring element. The amplitude and phase of the displacement and impact forces obtained from the experiment were well predicted by the analytical models. However, the accelerations at the contact locations were not well predicted. Relative rotations between adjacent floors induced grinding contacts, which cannot be captured by uni-axial gap elements.
Chau et al. [2003] performed shake table tests on pounding between two steel towers subject to sinusoidal ground motions. The natural frequency, damping, the stand-off distance between the towers and the forcing frequency were varied during the experiment. The steel towers remained elastic during the duration of shaking. Under sinusoidal excitations, impacts were either periodic (one impact within each excitation cycle or within every other excitation cycle) or chaotic. A group of non-periodic impacts repeating themselves periodically was also observed in some cases. Chaotic motions dominated when there was a large difference in the natural frequencies of the two towers. It was observed that pounding amplified the response of the stiffer structure and reduced the flexible tower response. The maximum relative impact velocity was found to occur at an excitation frequency between the natural frequencies of the two towers. The experimental findings were then compared with results from an analytical model where impact was modelled using the Hertz contact law [Chau and Wei, 2000]. The region of excitation frequency within which impact occurred was well predicted by the analytical model. The estimated relative impact velocity and the maximum stand-off distance to prevent pounding agreed qualitatively with the experiments. The 1940 El Centro earthquake is also used as input. The overall prediction of the relative velocities is consistent with the experimental data, despite large differences exists at some particular times. 

Chau et al. [2004] complete their study by both shaking table tests and theoretical analysis for torsional pounding. Two adjacent structures of different natural frequencies and damping ratios subject to different combinations of stand-off distance and seismic excitations are conducted. The centre of mass of both towers may differ from the centre of stiffness such that torsional response of both buildings can be induced event to one-direction ground excitation. Subjected to sinusoidal excitations, both periodic and chaotic torsional responses can be observed. It seems that the response of the lighter building is more conducive to the appearance of pounding-induced-motions and may be more vulnerable to pounding damage.
Table 2‑7.  
Synthesis of experimental tests on pounding phenomenon

	N°
	Formulation of the conclusions
	Reference

	1
	Amplification of the stiffer structure and reduction for the flexible one (excited near the resonance).
	Papadrakakis 
et al. [1995]

	
	Great increase of the acceleration due to impact.
	

	
	Good agreement between experimental and analytical results.
	

	2
	Linear spring element: Amplitude and phase of the displacement and impact forces well predicted. Accelerations at the contact were not well predicted.
	Filiatrault
et al. [1995]

	4
	In general, pounding amplifies the response of stiffer structures but suppresses that of structures that are more flexible.
	Chau 
et al. [2003]

	
	Good agreement between experimental and analytical results.
	

	5
	Sinusoidal excitations: both periodic and chaotic responses are observed.
	Chau 
et al. [2004]

	
	The response of the lighter building seems to be more conducive to the appearance of pounding-induced-motions.
	


3  Overview of pounding mitigation between adjacent buildings

3.1 Introduction
This chapter is divided into three parts. The first one concerns every way of mitigation used or usable for pounding problems. The second part is an extended review of the actual devices used in the domain of construction. In addition, the last one is a complete state of the art on pounding mitigation by connecting adjacent structures. 
3.2 Ways of mitigation

Pounding introduces impact loads that have to be superimposed on those caused by the ground acceleration itself. When these impact loads from pounding are too high, the structural system has to be modified to reduce the response. Several methods have been proposed to avoid pounding induced collapse of buildings. The methods may be classified according to their approach to the problem of pounding: 
· methods to avoid pounding or limit pounding problems. This method is used in the majority of the building codes: the joints must have a certain minimum width (seismic gap) to avoid or limit pounding problems. Increasing the stiffness of one or both buildings can also avoid impact. The last technique consists of building the primary structure away from the property limits. This solution conducts to damage of the lateral facades of buildings but not to the structure itself ;
· methods to strengthen structures to withstand pounding. These types of method consist of inserting in building supplemental energy dissipation or conceiving alternative load paths ;
· techniques to improve the behaviour of structures towards pounding effect. For example, by installing a device between structures, commonly called pounding Reduction Device (PRD). 
The different solution can be used alone or combined. Typically, the reconnection of two structures can improve the behaviour but does not solve all the problems. In combination with strengthening, the reconnection can resolve the pounding problem. 

All these solutions are described in this chapter. Advantages and some details are presented. 

3.2.1 Methods to avoid or limit pounding effect 

3.2.1.1 The seismic gap

The first work for pounding prevention is to establish a good and reliable estimate of the minimum gap required for the design earthquake so that pounding between the structures will not occur. Providing a sufficient gap has been the commonly accepted strategy adopted by building codes throughout the world. The value of the separation distance between two structures that is sufficiently large to prevent pounding is known as the seismic gap or critical gap, gcr. Nevertheless, where it is possible for new buildings to be designed with sufficient gap width, the problem persists in the case of existing buildings designed under older building codes with considerably smaller gap widths than those specified in the current codes.
Although building codes call attention to this problem, building designers are often reluctant to provide the necessary space between buildings to eliminate the problem, principally because the required space would reduce available square footage in the building being developed. Various authors have studied different methods to evaluate the seismic gap that are generally less conservative than the prescriptions of the codes.
In the first part of this paragraph, a brief review of building code requirements is made. Then, a presentation of previous work on different methods to evaluate the seismic gap is presented and compared with the analyses made in this work.
Building Code Requirements
Building codes in zones of active seismicity around the world have recognized the destructive effects that pounding may induce in constructions. The approach commonly adopted in building codes has been to avoid contact interactions between the structures by providing sufficient separation between them.

The criterion used has been collected and defined by Valles [1997] using four different expressions:
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Where u1 and u2 are, as shown in Figure 3‑1, the maximum displacement of the individual buildings.
The first criterion may be considered as equivalent to the absolute sum of maximum displacement of each structure, multiplied by an amplification factor. The amplification factor in most cases comes from the increase in displacements due to the non-elastic response of the structures. This criterion does not take into account that the maximum displacements in the structures, in general, will not occur at the same time. As it is highly unlikely that these two maximum displacements will both occur at the same instant and with opposite signs, a smaller gap size will usually be sufficient to avoid pounding.
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Figure 3‑1. 
Definition of the notation

The second condition may be easily justified, since; in general, building codes specify a maximum non-elastic drift related to structures (storey height). Using this approach, the dynamic characteristics of the structures are not relevant to the gap computation, since the lateral deformations are always checked. This approach is the easiest. Nevertheless, this form of specifying the gap, by not considering the dynamic properties of the adjacent structures, may be overly conservative for buildings that tend to respond in phase; for example, buildings with high percentages of critical damping, or non-elastic buildings for some ratios of frequencies to the characteristic earthquake frequencies.

The third one is specified for construction consideration that is to allow adequate space to place the formwork for beams and columns, to build masonry walls, or place elements of the facade.

The last one takes into account the fact that the maximum displacements in the structures will not occur at the same times. It uses the SRSS (Square Root of the Sum of the Squares) modal combination rule that is assuming that the input motion is stationary, and the response of each structure is uncorrelated with the others. It refers to the theory of probability which indicates that the SRSS combination provides the most probable value of the maximum of [u1(t) + u2(t)]. Therefore, it yields conservative results when the response of the structures is somewhat too perfectly correlated.

Hao and Shen [2001] present some parametric study results on the relative displacement of adjacent asymmetric structures by considering their coupled torsional-lateral responses. Effects of vibration frequencies, torsional stiffness and eccentricities of adjacent structures on their relative displacements are investigated. They found that the SRSS combination of displacements of two buildings generally overestimates relative displacements of both symmetric and asymmetric adjacent structures. They would underestimate relative displacements (usually less than 20%) only when the vibration frequencies of two structures differ substantially. Torsional response effect is prominent when two structures have similar vibration frequencies, and when one of both structures have large eccentricities and/or are torsionally flexible. 

Only one building code was found to allow some level of pounding if the effects do not jeopardize the integrity of either construction [Valles and Reinhorm, 1997]. However, no procedure was outlined to indicate how the collision effects are to be calculated.
Seismic gap requirement in Eurocode 8

Building pounding is a phenomenon occurring when adjacent structures are separated at distances less than the differential lateral displacements. Buildings shall be protected from earthquake-induced pounding from adjacent structures or between structurally independent units of the same building. This principle is considered satisfied if:

For buildings, or structurally independent units, that do not belong to the same property, if the distance from the property line to the potential of impact is not less than the maximum horizontal displacement ds of the building at the corresponding level (Recall: displacements ds in Eurocode 8 are q times the elastic displacements de computer under the design earthquake, the latter being an earthquake "reduced" by the behaviour factor q: ds=q.de);

For buildings, or structurally independent units, belonging to the same property, if the distance between them is not less than the square root of the sum of the squares (SRSS) of the two maximum horizontal displacements of the building or units at the corresponding level.

A specification is made: if the floor elevations of the building or independent unit under design are the same as those of the adjacent building or unit, the above referred minimum distance may be reduced by a factor of 0,7.

The author suggests adding in Eurocode 8 :

· it could be less restrictive for authors of project if other adequate methods are authorized. For example, "Smaller separations or property line setbacks may be permitted when justified by rational analyses based on maximum expected ground motions" and maybe: "As long as the structural elements do not lose their bearing capacity at pounding, other solutions are also possible" ;
· the joints must be empty (no contact points). Otherwise, the responses of pounding could not be the expected one ;
· special comment could be made on the secondary elements. No damage to primary structures could appear but, due to peaks accelerations produce by pounding, the secondary elements are damaged. For example, Figure 3‑2 shows damages to the façades due to pounding between two similar buildings with floors at the same levels.
[image: image62.png]



Figure 3‑2. 
Damages to the façades due to pounding
State of the art of different methods
Since some years, various authors are tested different methods to determine as exactly as possible the adequate seismic gap.

Jeng, Kasai and Maison [1992] propose the spectral difference method (SPD or DDC rule). This method based on random vibration theory considers the first mode approximation for displacements of elastic multi-storey buildings. It was found that the maximum relative displacement depends not only on the maximum displacements of the structures but also on the phasing associated with their vibration,
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Where u1, u2 are the linear peak displacements at the possible pounding location of buildings 1 and 2 under the no pounding condition.
Unlike the time history analysis method, the SPD method clarifies the effects of various parameters on the relative displacement through a closed-form solution. The SPD method is also useful for various relative displacement problems between adjacent structures, such as bridges. It is more accurate than the current code calculation method that ignores the vibration phase.
The correlation coefficient ((12) is a cross-correlation coefficient that determines significance of in-phase motion between different vibration modes. It is calculated according to the simplified formulas for white noise input:
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This separation distance decreases with increasing damping constant or with the ratio T2/T1 (in-phase motion develops); while for two identical buildings (with T1 equal to T2 and u1 equal to u2) it reduces to zero. Addition of damping comes from the fact that damping tends to eliminate a free vibration portion of the seismic response and mainly a forced vibration remains, making the two buildings vibrate similarly to the ground motion. Jeng, Kasai and Maison [1992] obtained good results, at least for elastic systems.

Five existing methods to calculate critical separation distance between adjacent non-linear structures are proposed: method proposed by Filiatrault, Penzien, Kasai, Valles or Lopez Garcia. 
Method by Filiatrault: Filiatrault supposes that the equation(3.6)

, which is valid for linear systems only, is nevertheless at least a decent approximation to the actual correlation between displacement responses of hysteretic oscillators. 
Method by Penzien: The method proposed by Penzien and the one proposed by Kasai is based on the use of "effective" linear properties. These approaches assume that equation (3.6)

 is still valid for non-linear systems as long as T1, ξ1, T2 and ξ2 are replaced by "effective" properties, which in turn are a function of the characteristics of the actual non-linear oscillators. According to Penzien [1997], effective properties are given by:
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Where μA is the displacement ductility of system "A", the factor γ=0,65 was introduced by Lysmer to calibrate the linearization of the seismic response of soil layers and αA is the ratio of final stiffness to the initial one. Substitution of subscript "A" by "B" gives the corresponding expressions of TBeff and ξBeff.
Method by Kasai: Kasai and Jeng proposed the following seismic gap with a lower bound:
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This equation is based on the assumed straight-line shape of SDOF systems. It is possible to apply the same equation to either elastic or non-elastic MDOF systems adjacent to each other. When a building is elastic, a conventional spectral analysis with the first mode shape can be used to estimate the peak displacement at the potential pounding location. For applying this to non-elastic theory, the maximum displacements of the two adjacent buildings must be obtained first. By using this assumption and estimating the yield strength of the building, engineers can obtain ductility demand μ. Two approaches are proposed. The first one is using the elastic response of the building as an approximation of the non-elastic response. The second one consists of using the degrading model with ductility ratio equal to three. The results of this study are applicable to buildings whose response is governed by its fundamental mode. Equations Figure 3‑3(3.11)

 are proposed for finding the effective periods of non-elastic systems for degrading and bilinear stiffness models ((3.10)

 and  GOTOBUTTON ZEqnNum542649  \* MERGEFORMAT ), respectively. 
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Where µ is the ductility ratio, T0 is the initial period and Teff is the effective period of non-elastic structure. The factor on the right hand side of the above equations is amplification to initial period of the non-elastic structure. Similarly, the following equations based on in-phase motion of non-elastic and elastic systems are proposed to determine effective elastic damping for a non-elastic system. Equations Figure 3‑3(3.13)

 are proposed for the effective damping of non-elastic systems for degrading and bilinear stiffness models, respectively ((3.12)

 and  GOTOBUTTON ZEqnNum951419  \* MERGEFORMAT ). 
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Where: µ is the ductility ratio, ξ0 is the initial damping and ξ* is the effective damping of non-elastic structure. 
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Figure 3‑3. 
Hysteretic Behaviour: (a) Bilinear Building Model, (b) Stiffness Degrading Model.

Method by Valles: While no closed-form solution exists for evaluation of ρ12 in the case of non-linear hysteretic systems, values of ρ12 can still be obtained by numerically evaluating the expectations involved. This approach was followed by Valles, whose results were obtained by linearizing the hysteretic term of the equation of motion for bilinear systems rather than by non-linear time-history analysis. Values of ρ12 were presented in series of charts for both wide- and narrow-band excitations and for several combinations of values of other parameters. 
Method by Lopez Garcia: Lopez Garcia [2004] proposes a new method that consists of using values of parameter ρ12 derived from empirical estimates obtained through numerical simulations. This method exhibits a number of convenient advantages. In particular, it provides consistently conservative results and the degree of conservatism is slight in most cases. The main disadvantage is the fact that the proposed values of ρ12 are available only in charts. It would be much more convenient if an analytical expression were proposed.
Comparison of the seismic gap: estimations by different authors
The objective of this part is to calculate the seismic gap according to:

· eurocode 8 ;
· the DDC method proposed by Filiatrault, Penzien and Kasai ;
· results obtained from the three accelerograms used in the analysis made.

The method proposed by Valles and the one of Lopez Garcia are not considered because not well adapted to practical use. Indeed, these methods use charts that are sharply less conveniently than analytical expressions.

The relative displacement time history urel(t) at the potential pounding location is expressed by 
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Where uA(t) and uB(t) are the displacements time histories at potential pounding locations of buildings A and B, respectively. Pounding is avoided if 
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Where s is the separation between buildings in at-rest conditions; and urel(TH) is the maximum of urel(t) for the duration of an earthquake. The urel(TH) is obtained through non-linear dynamic time history analyses of buildings A and B by calculating the difference of uA(t) and uB(t) at each time step. Those set of dynamic non-linear analyses made in the course of this thesis are presented in detail in chapter 6.
An important thing to say is that a non-elastic system often develops a biased response (the displacement to the right is not equal to the displacement to the left) to one side, resulting in a residual displacement. This point is important in the relative displacement problem because urel(TH) can differ for both positive and negative direction earthquake. For a combination of two structures, two cases are under consideration (Figure 3‑4): structure A to the right and structure B to the left and the opposite situation, structure B to the right and structure A to the left.
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Figure 3‑4. 
Two combinations in the case of non-linear time history
MRF means moment resisting frame and W means wall system. Detailed descriptions of structures studied are presented at Chapter 4. 
Table 3‑1 and Table 3‑2 show the values obtained for the seismic gap according to the different methods used. The values highlighted show the insecure case when compared with the direct non-linear time-history models. 
Table 3‑1.  
 Comparison for the seismic gap with the SPD methods

	CASE
	units: m
	urel(TH)
	Method by Filiatrault
	Method by Penzien
	Method by Kasai

	A
	MRF 1/W 1 (0.4g)
	0,185
	0,249
	0,249
	0,211

	
	W 1/ MRF 1 (0,4g)
	0,185
	0,249
	0,249
	0,211

	
	MRF 1 / MRF 5 (0.4g)
	0,127
	0,283
	0,294
	0,079

	
	MRF 5/ MRF 1 (0.4g)
	0,140
	0,283
	0,294
	0,079

	
	MRF 6 / MRF 5 (0.4g)
	0,235
	0,303
	0,313
	0,097

	
	MRF 5/ MRF 6 (0.4g)
	0,244
	0,303
	0,313
	0,097

	B
	MRF 1/ MRF 2 (0,4g)
	0,219
	0,272
	0,311
	0,203

	
	MRF 2/ MRF 1 (0,4g)
	0,155
	0,272
	0,311
	0,203

	
	MRF 1/ MRF 2 (0,25g)
	0,129
	0,097
	0,269
	0,131

	
	MRF 2/ MRF 1 (0,25g)
	0,155
	0,097
	0,269
	0,131

	
	MRF 1/ MRF 2 (0,10g)
	0,059
	0,205
	0,098
	0,050

	
	MRF 2/ MRF 1 (0,10g)
	0,072
	0,205
	0,098
	0,050

	
	W 1/MRF 2 (0.40g)
	0,152
	0,261
	0,208
	0,208

	
	MRF 2/W 1 (0.4g)
	0,103
	0,261
	0,208
	0,200

	C
	MRF 3 / MRF 4 (0.4g)
	0,122
	0,301
	0,253
	0,109

	
	MRF 4 / MRF 3 (0.4g)
	0,176
	0,301
	0,253
	0,109


Table 3‑2.  
Comparison for the seismic gap with the Eurocode, ABS and SRSS rules

	CASE
	units: m
	urel(TH)
	Eurocode 8
	ABS
	SRSS

	
	
	
	Different property
	Same property 
	
	

	A
	MRF 1/W 1 (0.4g)
	0,185
	0,151
	0,123
	0,216
	0,176

	
	W 1/ MRF 1 (0,4g)
	0,185
	0,142
	0,116
	0,203
	0,165

	
	MRF 1 / MRF 5 (0.4g)
	0,127
	0,238
	0,168
	0,340
	0,240

	
	MRF 5/ MRF 1 (0.4g)
	0,140
	0,226
	0,160
	0,323
	0,229

	
	MRF 6 / MRF 5 (0.4g)
	0,235
	0,292
	0,209
	0,417
	0,299

	
	MRF 5/ MRF 6 (0.4g)
	0,244
	0,284
	0,203
	0,406
	0,290

	B
	MRF 1/ MRF 2 (0,4g)
	0,219
	0,221
	0,157
	0,316
	0,224

	
	MRF 2/ MRF 1 (0,4g)
	0,155
	0,188
	0,136
	0,269
	0,195

	
	MRF 1/ MRF 2 (0,25g)
	0,129
	0,166
	0,122
	0,237
	0,174

	
	MRF 2/ MRF 1 (0,25g)
	0,155
	0,188
	0,136
	0,269
	0,195

	
	MRF 1/ MRF 2 (0,10g)
	0,059
	0,073
	0,053
	0,104
	0,075

	
	MRF 2/ MRF 1 (0,10g)
	0,072
	0,076
	0,055
	0,109
	0,078

	
	W 1/MRF 2 (0.40g)
	0,152
	0,131
	0,105
	0,188
	0,150

	
	MRF 2/W 1 (0.4g)
	0,103
	0,098
	0,073
	0,140
	0,104

	C
	MRF 3 / MRF 4 (0.4g)
	0,122
	0,259
	0,185
	0,259
	0,185

	
	MRF 4 / MRF 3 (0.4g)
	0,176
	0,288
	0,204
	0,288
	0,204


Based on the non-linear time history analyses made, some comments on the proposed method to evaluate the seismic gap are made :

· the method proposed in the Eurocode 8 for buildings belonging to the same property and having the same floor elevations is nearly always unsecured. This means that pounding occurs and the buildings must accept the effects produced ;
· the method proposed by Kasai is the least conservative one. Whereas, Penzien proposes a method giving an always conservative estimate (in the models studied). Based on the analyses made, the SPD methods are generally not more accurate than the ABS or SRSS rules ;
· when the periods of the structures are closed to each other, using the rules of the Eurocode (0,7.ABS) gives good results, similar to the SRSS method. Whereas, for different periods, the ABS rule must be used to obtain secure results.
3.2.1.2 Increasing the stiffness of one or both buildings

Since the gap between two existing buildings usually cannot be increased, increasing the stiffness of one or both buildings may reduce the seismic deformations to the point where impact is precluded. Increasing the stiffness of the building reduces its period and decreases its displacement. An important thing to recall is that it is not possible to increase stiffness without increasing strength. This method might cause some space rearrangement of the building. Figure 3‑5 and Figure 3‑6 show different possible ways for retrofitting reinforced concrete constructions. Like done in the FEMA documentation, in the figures and following text, symbols E is for Existing and N is for New or added reinforcement.
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Figure 3‑5. 
Strengthening an existing interior concrete column
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Figure 3‑6. 
Insertion of a reinforced concrete wall
3.2.1.3 Primary structure away from property limits (crash box interface)
Due to the high cost of land in metropolitan areas and the small lot sizes in many cities, many owners want to build on the overall property. A solution to allow that while avoiding impact on the earthquake primary resisting structure is by installing the primary structure not on the limit of the property but at a certain distance (Figure 3‑7). When the structures pound each other, the facing is destructed but the building is still stable. After the earthquake, only the facing must be removed and replaced. The facing destruction can also dissipate energy. This solution is only feasible for new construction.
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Figure 3‑7.
Example of a crushable zone
3.2.2 Methods to strengthen structures

Three paragraphs are distinguished: supplemental energy dissipation in one or both of the adjacent structures, strengthening the structures and alternative load paths.
3.2.2.1 Supplemental energy dissipation

Another method to avoid pounding is the use of supplemental energy dissipation devices in the buildings. Energy dissipation devices are attractive because they improve the overall behaviour of the structure by increasing its internal damping through the energy dissipated by the non-elastic deformation of these special devices. The installation in buildings of devices involves distributing the devices throughout the structures. Like that, the seismic response of a damped building would be similar to that of a conventional building.

Another advantage of using energy dissipaters in buildings is that high damping case shows prominent in-phase motion of the two buildings in spite of different periods of the buildings. This occurs, since out-of-phase motion of the buildings caused mainly by free vibration is damped out due to high damping, and in-phase motion closely following the earthquake excitation history dominates (forced vibration dominates the response). Indeed, structural damping may be defined as an internal energy absorption characteristic of a structural system that acts to attenuate free vibration.

More over, using supplemental energy dissipation devices reduces the maximum lateral deflections of the building. Even if the reduction in the maximum energy levels provided may not be sufficient to avoid pounding, the amplification effects of impacts in the structures will be smaller.

Pantelides and Ma [1998] found that with the increase in damping, the maximum pounding force is reduced.
Dogruel [2005] study the retrofitting of one or both of two adjacent structures with passive energy dissipation devices to reduce the structural vibration and probability of pounding. A design procedure utilizing a performance function is used to obtain the damper parameters that result in the best overall system response.
3.2.2.2 Strengthening

Strengthening columns to prevent the formation of storey mechanisms may be difficult to accomplish effectively. In addition to strengthening the columns, it is necessary to strengthen the connection between the beams and columns to allow development of the larger moments. 

The 1992 edition of the NEHRP Handbook of techniques for the seismic rehabilitation of existing buildings (FEMA – 172) proposed the following techniques to strengthen structures:
Deficient bending and shear capacity of concrete moment frames can be improved by:

1. Increasing the ductility and capacity by jacketing the beam and column joints or increasing the beam or column capacities. Generally not cost-effective because of the difficulty associated with providing the necessary confinement and shear reinforcement in the beams, columns, and beam-column connection zones.

2. Reducing the seismic stresses in the existing frames by providing supplemental vertical-resisting elements (i.e. additional moment frames, braces, or shear walls). 
3. Changing the system to a shear wall system by infilling the reinforced concrete frames with reinforced concrete.

Comment on point 2: This solution can reduce the impact between two slabs (diaphragms). For impact between a slab and a column, having more columns in a storey does not guarantee that the destruction due to impact is prevented, unless the lateral deflections are reduced so that buildings do not hit one another.
The different methods to jacket are presented below.

Concrete jacketing

According to Eurocode 8 (Figure 3‑5): 
Concrete jackets are applied to columns and walls for all or some of the following purposes :

· increasing the bearing capacity ;
· increasing the flexural and/or shear strength ;
· increasing the deformation capacity ;
· improving the strength of deficient lap-splices. 

When jackets aim at increasing flexural strength, longitudinal bars should be continued to the adjacent storey through holes piercing the slab, while horizontal ties should be placed in the joint region through horizontal holes drilled in the beams. Ties may be omitted in the case of fully confined interior joints.
Steel jacketing

According to Eurocode 8: 

Steel jackets are mainly applied to columns for the purpose of: increasing shear strength and improving the strength of deficient lap-splices. They may also be considered to increase ductility through confinement. 

Either steel jackets around rectangular columns are usually built up of four corner angles to which continuous steel plates, or thicker discrete horizontal steel straps, are welded. Corner angles may be epoxy-bonded to the concrete, or just made to adhere to it without gaps along the entire height. Straps may be pre-heated just prior to welding, in order to provide afterwards some positive confinement on the column. 

The level of confinement induced depends on the hoop strength and stiffness of the steel jacket.
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Figure 3‑8. 
Example of a circular column
FRP plating and wrapping 

According to Eurocode 8: 

The main uses of externally bonded FRP (fibre-reinforced polymers) in seismic retrofitting of existing reinforced concrete elements are as follows: 

· enhancement of the shear capacity of columns and walls, by applying externally bonded FRP with the fibbers in the hoop direction ; 

· enhancement of the available ductility at member ends, through added confinement in the form of FRP jackets, with the fibres oriented along the perimeter ;
· prevention of lap splices failure, through increased lap confinement again with the fibbers along the perimeter. 

The effect of FRP plating and wrapping of members on the flexural resistance of the end section and on the value of the chord rotation at yielding, θy, may be neglected.

Shear capacity of brittle components can be enhanced in beams, columns or shear walls through the application of FRP strips or sheets. These may be applied either by fully wrapping the element, or by bonding them to the sides and the soffit of the beam (U-shaped strip or sheet), or by bonding them to the sides only. 

The total shear capacity, as controlled by the stirrups and the FRP, is evaluated as the sum of one contribution from the existing concrete member, evaluated in accordance with EN 1998-1: 2004 and another contribution, Vf, from the FRP. 

The biggest disadvantage of strengthening structures is that the engineers must predict the action effects produced by the seismic event and the pounding phenomenon. Another inconvenient is that if a new building is built next to an older one than the new owner may have to reinforce the older building.

3.2.2.3 Alternative load paths

If the floors of the structures are aligned and the slabs act as diaphragms then another way of "strengthening" a structure exists. It is by adding new vertical elements. The forces in the existing elements will be modified and generally be reduced. Thus, the addition of supplemental vertical elements that will resist lateral loads can be a means to correct existing elements that are overstressed.
A solution proposed is to provide alternative load paths for the vertical load-resisting members that may be damaged or destroyed by the impact. These alternative load paths would include supplementary columns or vertical shoring to support the floor or roof systems. These supplementary supports would be installed at sufficient distance from the vulnerable exterior walls or columns to be protected when the existing elements are damaged. 

The highest disadvantage of this solution is the loss of space due to the alternative load paths. So, they must be located to minimize any adverse effect on access, egress, or functional circulation within the building. 
3.2.3 Techniques to improve the behaviour of structures towards pounding effect
Three methods are proposed: using strong shear walls, primary structure away from pounding areas and the last method but not the least is by using a reconnection between both buildings. 
3.2.3.1 Strong shear wall

These strong shear walls act as "bumper" elements protecting the rest of the building. These rigid walls perpendicular to the gap between the buildings act as shock absorber similar to the same concept used in the automobile industry. This alternative has already been incorporated in the New Greek code and in Eurocode-8 for earthquake resistant design.

Bumpers place at the points of probable contact can help to absorb the blows of pounding. The impact of the bumpers would still however transfer some degree of impulsive loading to the structures, which was probably not anticipated in the dynamic design. As mentioned by Salem [2006], this method usually requires major alternation to the framing system. Introducing new wall will change the stiffness of the retrofitted structure, which will affect its dynamic characteristics and may require additional retrofit due to the new higher seismic demands that the stiffer building would attract during any seismic event.
Remark: It would not be desirable to install the retrofit measures (add shear walls or braced frames) on only one side of the building, as this could create a torsional irregularity.
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Figure 3‑9. 
Horizontal section of two adjacent building frames with collision walls
3.2.3.2 Devices between structures
One method of eliminating dynamic contact between closely spaced buildings is by a connection, which maintains a minimum separation distance at certain points of the structures (Figure 3‑10). The basic motivation for such connection is provide a relatively simple and cost effective modification to prevent the buildings from hitting without introducing any complexities to the dynamic response or changing the basic characteristics of the building dynamics. There is no interfering with the space arrangement of the building.
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Figure 3‑10. 
Position of the PRD's
Linking adjacent buildings could have a number of disadvantages including:

· possible high forces in the link ;
· the fact that the dynamic characteristics and the design failure mechanisms may be changed. It will be necessary to examine whether the inter-structural connection will lead to larger shears and moments in the structures and whether it could cause larger deflections (leading to either yielding or failure) than for unconnected structures, despite the contact occurring or not ;
· the uncertainties in response of two structures of different characteristics becoming one. The interaction forces between the two adjacent structures might cause one of the structures suffering larger seismic dynamic force than it originally designed for ;
· the displacement needed for reconnection to work ;
· from a practical point of view, linking two adjacent buildings may not be an adequate solution if the buildings belong to different owners, because technical and legal problems may arise ;
· the analysis of linked structures may be not simple and the design of the retrofitted system becomes a cumbersome task. 
If those problems are solved, linking structures reduces pounding interactions.

The reconnection by links between adjacent buildings method is the main way of mitigation studied in this work (Chapter 6). It is the one that raise the most numerous questions. Indeed, reducing deflections in order to avoid impact is a quite classical problem, which can be tackled using standard models of structures as standard type of analysis. On the contrary, reconnection raises many questions:

· where the connectors have to be place in the structures? In each storeys or only at the top storey etc. ;
· by which type of device? Viscoelastic or a simple spring element ;
· what are the needed parameters of the device? Stiffness, damping, etc.
The next two paragraphs of the chapter concerns first a classification of existing devices and then an extended review of research on mitigation pounding by a reconnection between buildings.

3.3 Classification of devices used to control the seismic moves of structures

3.3.1 Introduction

A great number of protective systems for structures built on seismic areas have been developed since the years 1970's. These developments have been made to mitigate action effects in individual structure, without special considerations regarding pounding problem. Modern structural protective systems can be divided into three groups see Table 3‑3.
Table 3‑3.  
Modern Structural Protective Systems

	Seismic Isolation
	Passive Energy Dissipation
	Semi-active and Active Control

	Elastomeric Bearings
	Metallic Dampers
	Active Bracing Systems

	Lead Rubber Bearings
	Friction Dampers
	Active Mass Dampers

	Sliding Friction Pendulum
	Viscoelastic Dampers
	Variable Stiffness 

	
	Viscous Fluid Dampers
	Smart Materials

	
	Tuned Mass Dampers
	

	
	Tuned Liquid Dampers
	


A seismic isolation system is typically placed at the foundation of a structure. By means of its flexibility and energy absorption capability, the isolation system partially reflects and partially absorbs some of the earthquake input energy before this energy can be transmitted to the structure. As it cannot be used either to reduce the individual displacement of one structure or to connect two neighbouring structures, the seismic isolation systems are not explained in this work.
Passive energy dissipation devices absorb or consume a portion of the input energy, thereby reducing energy dissipation demand on primary structural members and minimizing possible structural damage. Contrary to semi-active or active systems, there is no need for an external supply of power.

Semi-active and active structural control is an area of structural protection in which the motion of a structure is controlled or modified by means of the action of a control system through some external energy supply. However, semi-active systems require only nominal amounts of energy to adjust their mechanical properties, and unlike fully active systems, they cannot add energy to the structure. 

3.3.2 Passive control devices

Passive energy dissipation systems include a range of materials and devices for enhancing damping, stiffness and strength. Passive control techniques are based on the artificial increase of the dissipation capacity, obtained by means of the insertion, in proper positions, of special devices of which both the stiffness and strength have to be defined in order to achieve :

· a limitation of the relative move of buildings one toward the other ,
· energy dissipation ;
· recentering of the system for practical use of the structure after the earthquake.

These devices generally operate on principles such as yielding of metals, frictional sliding, deformation of viscoelastic solids or fluids and fluid orificing.

3.3.2.1 Metallic yield dampers

In recent years, a variety of mechanical devices that incorporate the yielding deformation of mild steel to provide supplemental damping have been implemented in earthquake-resistant designs of buildings and other structures. Other materials, such as lead and shape-memory alloys, have also been evaluated. Some particularly desirable features of these devices are their stable hysteretic behaviour, low-cycle fatigue property, long-term reliability, and relative insensitivity to environmental temperature. 
They typically exhibit hysteretic force-displacement behaviour, which can be approximated as bilinear or trilinear. These devices trend to be inexpensive to produce and their properties will remain stable over the long lives of buildings. Unfortunately, they often have a limited number of working cycles, which may require them to be replaced after large seismic events. The yield strength of the connector is difficult to decide because if the yield strength is too high, the connector may not function properly but if the yield strength is too low, the energy absorbing capacity may be too small during a strong earthquake. However, some possibility to tune the device exist by the fact that stiffness, which is related to section, and yield strength, which is mater of section and yield stress, can be decided independently, to some extend. An inconvenient is that they are designed to deform so much when building vibrates during an earthquake that they cannot return to their original shape and have permanent deformation.

Several of the devices considered include torsional beam, flexural beam, and U-strip dampers are shown schematically in Figure 3‑11. Many new designs have been proposed, including the X-shaped, displayed in Figure 3‑12, and triangular plate dampers. Two of those new design are the INERD pin connection (Figure 3‑13) and U connection (Figure 3‑14) recently developed in a research project to which the University of Liege contributed [Vayas et al., 2005] [Plumier et al., 2006]. With these shapes, yielding is spread almost uniformly throughout the material. A variation of the devices is the tension/compression yielding brace, also called the unbounded brace. As shown in Figure 3‑15, an unbounded brace is a bracing member consisting of a core steel plate encased in a concrete-filled steel tube. A special coating is provided between the core plate and concrete in order to reduce friction. The core steel plate provides stable energy dissipation by yielding under reversed axial loading, while the surrounding concrete-filled steel tube resists compression buckling.
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Figure 3‑11.
a) Torsional Beam, b) Flexural Beam, c) U-strip [Soong and Dargush 1997]
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Figure 3‑12.
X-plate Metallic damper [Soong and Dargush, 1997]
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Figure 3‑13.
Examples of INERD pin connections after cyclic tests – Plumier et al. [2004]
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Figure 3‑14.
U-device  - Test under perpendicular loading – Plumier et al. [2004]
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Figure 3‑15.
Unbounded brace (core steel plate encased in a concrete-filled tube)
3.3.2.2 Friction dampers

Friction dampers use the mechanism of solid friction to provide the desired energy dissipation. The friction develops between two solid bodies sliding relative to one another. When the parts slide over each other, they create friction, which uses some of the energy from the earthquake that goes into the building. Friction between dry surfaces produces a constant force independent of velocity, always opposed to the direction of motion that is proportional to the contact forces between the sliding surfaces and the coefficient of friction of the materials. The behaviour of the devices are nearly unaffected by amplitude, frequency, temperature, or the number of applied loading cycles.

Friction devices generally exhibit rigid-plastic behaviour so the force-displacement curves of the devices are rectangular loops as shown in Figure 3‑16. These devices can be characterized by their displacement amplitude and slip-load. The friction force in the damper can be adjusted through appropriate torque of the bolts that control the pressure on the friction surfaces.
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Figure 3‑16.
Force displacement relation for friction device

Frictional devices must be loaded beyond the slip threshold, and thus are likely to be ineffective under small to moderate shaking. One important thing is to ensure that the contact forces between the sliding surfaces and the coefficient of friction do not change with the long-term periods. Another inconvenient is that friction dampers restrict a structure from restoring itself to its original position after seismic events. They need to be supplemented by a restoring force mechanism.

Several types of friction dampers have been developed to improve seismic response of structures. They are illustrated in Figure 3‑17. In recent years. There have been a number of structural applications of friction dampers, which aimed at providing enhanced seismic protection of new and retrofitted structures. For example, the applications of friction dampers to the McConnel Library of the Concordia are shown in Figure 3‑18. 
The friction dampers have advantages such as simple mechanism, low cost, less maintenance and powerful energy dissipation capability as compared to other passive dampers. However, modelling of frictional force in the damper is quite a cumbersome process, as the number of equations of motion varies depending upon the non-slip and slip modes of vibration.
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Figure 3‑17.
a) Limited Slip Bolt Joint, b) X-braced Friction Damper c) Sumitomo Friction Damper d) Energy Dissipation Restraint e) Slotted Bolted Connection [Soong and Dargush 1997]
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Figure 3‑18.
Pall Friction Damper installed in the Webster Library of Concordia University in Montreal, Canada.
3.3.2.3 Viscoelastic dampers
Viscoelastic materials used in structural application are typically copolymers or glassy substances, which dissipate energy when subjected to shear deformation. The materials are known to be very stable with good aging properties, are chemically inert and are resistant the environmental pollutants. When used as the energy-absorbing components in dampers, they are normally used in the form of shear layers and the exposed surface area is very small relative to the volume of material. Thus, any chemical process that depends on diffusion, for example, moisture absorption or penetration, will be very slow. 

A typical viscoelastic damper is shown in Figure 3‑19 that consists of viscoelastic layers bonded with steel plates. 
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Figure 3‑19.
Viscoelastic Damper

When mounted in a structure, shear deformation and hence energy dissipation takes place when the structural vibration induces relative motion between the outer steel flanges and the centre plate. They provide extra damping, alleviate mechanical vibration, and thus improve overall system dynamic responses. Viscoelastic devices have an output that is somewhere between that of a damper and a spring (Figure 3‑20). Under high-level seismic inputs, the spring response dominates, producing a response that increases stresses of adjacent columns at any given deflection. Viscoelastic dampers are quite linear in their response and are able to dissipate energy under low levels of shaking. 

The designer has to take into account the effect of ambient temperature and excitation frequency for an effective design of viscoelastic dampers in structural applications. These devices can be modelled with Maxwell model, which consists of a spring and dashpot in series. Unlike metallic or friction dampers, a linear structure with added viscoelastic dampers remains linear with the dampers contributing to increased viscous damping as well as lateral stiffness.
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Figure 3‑20.
Force-displacement for a viscoelastic damper

3.3.2.4 Fluid viscous dampers

Viscous damping (Figure 3‑21) involves taking advantage of the high flow resistance of viscous fluids. They are similar to shock absorbers in a car. They consist of a closed cylinder containing a viscous fluid like oil. A piston rod is connected to a piston head with small holes in it. First, the piston moves in the cylinder, then the oil is forced to flow through holes in the piston head, causing friction. When the damper is installed in a building, the friction converts some of the earthquake energy going into the moving building into heat energy. The force depends on the size and shape of the orifices and the viscosity of oil. Strong temperature dependence is observed.
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Figure 3‑21.
Example of fluid viscous damper

The forces developed in a viscous damper are proportional to the velocity of its deformation (Figure 3‑22). Fluid viscous dampers put out virtually zero force at the low velocities associated with thermal motion.
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Where C = damping constant, V = velocity and α = velocity exponent (0,3 ≤ α ≤ 1,0).
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Figure 3‑22.
Force-displacement for a fluid viscous damper

When α is equal to unity, the damper is a linear viscous damper. The fluid damper commercially available consists of a cylinder and a stainless-steel piston with a bronze orifice head and accumulator. 

Fluid viscous damping reduces stress and deflection because the force from the dampers is completely out of phase with stresses due to flexing of the columns. This is only true with fluid viscous damping, where damping force varies with stroking velocities. Consider a building shaking laterally back and forth during a seismic event. Column stress is at a maximum when the building has flexed a maximum amount from its normal position. This is also the point at which the flexed columns reverse direction to move back in opposite direction. If we add a Fluid Viscous Damper to the building, damping force will drop to zero at this point of maximum deflection. This is because the damper stroking velocity goes to zero as the columns reverse direction. As the building flexes back in opposite direction, maximum damper force occurs at maximum velocity, which occurs when the column flexes through its normal, upright position. This is also the point where column stresses are at a minimum. It is this out of phase response that is the most desirable design aspect of fluid viscous damping.

Fluid inertial dampers have several inherent and significant advantages: linear viscous behaviour, insensitivity to stroke and output force; easy installation; almost free maintenance; reliability and longevity. Fluid viscous dampers allow the structure to re-centre itself perfectly at all times. 

3.3.2.5 Tuned mass dampers

The objectives of incorporating a tuned mass damper into a structure is basically the same as those associated with metallic dampers and other energy dissipation devices, namely to reduce energy dissipation demand on the primary structural members under the action of external forces. This reduction, in this case, is accomplished by transferring some of the structural vibrational energy to the tuned mass damper, which, in its simplest form, consists of an auxiliary mass-spring-dashpot system anchored or attached to the main structure. In tuned mass dampers, typically a solid concrete or metal block acts as the secondary mass, additional spring and dampers are used to attach this secondary mass to the primary structure, and to provide the restoring and dissipative mechanisms needed to tune the system for near-optimal response under various types of dynamic excitations.

It is noted that a passive Tune Mass Dampers (TMD) can only be tuned to a single structural frequency. While the first-mode response of a MDOF structure with TMD can be substantially reduced, the higher mode response may in fact increase as the number of storeys increases. For earthquake-type excitations, the response reduction is large for resonant ground motions and diminishes as the dominant frequency of the ground motions gets further away from the structure's natural frequency to which the TMD is tuned.

3.3.2.6 Tuned liquid dampers

Tuned Liquid Dampers work according to the same principle as Tuned Mass Dampers; a tank filled with water replaces the mass and the sloshing of the liquid creates the mass-spring-dashpot system, due to grids with holes that slow down the liquid moves.
3.3.3 Active control devices

The term "active" is used to indicate that the operation of these systems requires a significant amount of external power. Active control devices use the feedback from sensors measuring the response of a structure to control the behaviour of structural elements through mechanical actuators. Records from the sensors are then fed into a controller (computer) that activates devices for modifying the structure's response continuously during its excitation. There are several different types of active control devices presently in use, some of which are as follows: active mass damper and active tendons.

The active mass damper is a combination of a passive Tuned Mass Damper and an active control actuator. The ability of this device relies mainly on the natural motion of the TMD. The forces from the control actuator are employed to increase the efficiency of the device. 

Active tendons are devices wherein tension in the prestressed tendons is varied during the earthquake excitation in a way to reduce the structure's response.

One of the problem with this devices is that since active control systems depend on power supply, it has to be ensured that this supply will not be interrupted during a strong earthquake, otherwise the whole system will remain idle exactly at the time that it will required to function.
3.3.4 Semi-active devices
Between passive and active structural control technologies is an emerging area of research addressing the possible use of innovative or "smart" materials for sensing and control purposes. This class of smart materials can be incorporated into structural elements, capable of modifying structural behaviour in response to external stimuli. Semi-active control systems have been developed to take advantage of the best features of both passive and active control systems. The term "semi-active" is used to indicate that the operation of these systems requires a very small amount of external power. As in an active control system, the mechanical properties are typically adjusted based on feedback from the structural system to which they are attached. As in a passive control system, semi-active control systems use the motion of the structure to develop control forces. The control forces are developed through appropriate adjustment of damping or stiffness characteristics of the semi-active control system. Semi-active are fail-safe because they can be designed to exhibit either prescribed damping or prescribed stiffness characteristics in the event of a complete loss of power.

The most predominant materials that have been examined as actuation devices in recent years are: shape memory alloys, piezoelectric elements, electrorheological fluids and, more recently, magnetoreheological fluids. For example, the magnetoreheological fluids are based on special fluids that are able to change their viscosity from liquid to semi-solid state within milliseconds, under the action of an applied magnetic field, so to produce, according to a preset control strategy the desired control forces.
One means of achieving a semi-active damping device is to use a controllable, electromechanical, variable-orifice valve to alter the resistance to flow of a conventional hydraulic fluid damper.
After a presentation of the possible dampers used to link adjacent building, an extended state of the art on pounding mitigation by reconnection is presented.
3.4 State of the art on pounding mitigation by linking
Westermo [1989] suggested using hinge-ended beam to connect two neighbouring floors, independently of the fact that the floors of adjacent buildings are in alignment or not. The connection of the structures by hinges placed at the floors is very practical and did not impose directly bending or shear to the columns (Figure 3‑23). The structures are modelled as linear, two dimensional vibrations only, multiple degree of freedom systems. It is obvious that this system can reduce the chance for pounding, but it alters the dynamics characteristics of the unconnected buildings, increases undesirable torsional response if the buildings have asymmetric geometry, and increases the base shear of the stiffer building. Keeping the dynamic characteristics of the unlinked buildings after the installation of the joint dampers is especially desirable for the adjacent buildings that have been already built and need to be strengthened. 
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Figure 3‑23.
Hinge-ended connection for aligned and unaligned floors
A summary of the results is shown below :

· the coupling reduces the relative deflection difference but increases the absolute deflections in the stiffer of the two structures. This could be a problem where the pounding itself would not occur for anything but strong earthquakes or for cases where pounding damage may be more desirable than the non-elastic response induced by the coupling ;
· in situations where the contact is likely to occur at a single point (due to predominant first mode vibration) a single connection may be sufficient. If, however, higher modes are contributing significantly to the deflections, then multiple connections points are necessary ;
· this type of reconnection seems a possible solution for structures with closely similar properties because the linkage prevents the two oscillating out of unison (prevents the structure from vibrating in opposite direction) while transmitting a relatively small force through the connections, and hence, not increasing the demands on the seismic resistance of the structures ;
· when the link connects buildings with significantly different dynamic properties, the force in the link element is of the order of the smaller base shear when the structures are not connected, which may be unacceptable locally in an upper storey.

De Angeli and Ciampi studied [1995] the effectiveness of an elasto-plastic device to improve the earthquake response of adjacent structures. A simplified model of the structural system is used by two single-degree-of-freedom structures acted by a set of artificially generated accelerograms. They found that the most relevant parameters affecting the response of the system are the yield level of the connecting device, the individual periods of the two structures, and the ratio of their masses. They proposed a rational design criterion for the connection, based on energy dissipation index. This device can improve the behaviour of both structures.

Plumier et al. [2005] made an elastic analysis of an existing 20-storey reinforced concrete moment resisting frame divided in 3 blocks. This analyses shows that beams supported on corbels of the adjacent block at the expansion joint loose their support when each independent block vibrate on its own under earthquake. Different reconnection hypothesis were considered, ranging from fixing totally each block to the adjacent one to more flexible options leaving some free relative move between blocks. An elastic modal superposition followed by a pushover analysis considering the final reconnection principle was made. The degrees of freedom of the joint reconnections were observed to be an important parameter. The solution found leaves a free relative rotational move between blocks and a flexible translational movement, so that forces at the connection do not become uselessly high. The springs used (long tie rods) work essentially elastically so that no permanent relative displacement exists between blocks after an earthquake.
Kobori et al. [1988] developed bell-shaped hollow connectors to link adjacent buildings in a complex. The bell-shaped hollow connector is made of steel with stabilized hysteretic characteristics when the connector yields so that they can absorb vibration energy of the buildings during a strong earthquake. However, the high stiffness of the connector may change the dynamics characteristics of the unconnected buildings. The yield strength is also difficult to decide because if the yield strength is too high, the connector may not function properly but if the strength is too low, the energy absorbing capacity may be too small during a strong earthquake. This system is applied to an indoor ski slope structure, reducing the response of several steel space frames simultaneously and their relative displacements at the expansion joints.

Kasai [1992] inserts a viscoelastic or viscous dampers in the closely spaced adjacent buildings thereby increasing their damping properties substantially. The dampers placed inside the adjacent buildings have the potential to reduce significantly the effect of pounding due to the following reasons :

· they reduce the maximum displacement of the buildings ;

· they promote the in-phase motion of both buildings ;

· should the pounding occur the impact is absorbed by the dampers in the vicinity of pounding level, thereby preventing propagation of its effect to other storey levels.
Xu, He and Ko [1999] discusses the mitigation of earthquake responses of adjacent buildings, separated with a certain distance, by using fluid inertial joint dampers to connect them. A formulation of the linear MDOF equations for fluid damper-connected adjacent multi-storey buildings under earthquake excitation is presented. This hypothesis supposed that earthquake excitation considered is not severe or that due to the significant increase of energy absorbing capacity the buildings are able to remain elastic under earthquake. The fluid damper device is modelled as a combination of a linear spring proportional to the relative displacement and a linear dashpot proportional to the relative velocity. Results show that if the damper properties are selected appropriately, the dynamic characteristics of the unlinked buildings can be retained and the earthquake-induced dynamic responses of both buildings can be significantly reduced. They also found that strong damper stiffness reduces the relative velocity of the damper and hence the energy absorbing capacity from the dampers decreases. In particular, when the damper stiffness reaches a certain value, the relative displacement and velocity between the adjacent buildings become nearly zero so that the two buildings behave as almost rigidly connected. As a result, no matter what value the damping coefficient is, the damper totally loses its effectiveness. Like for the damping stiffness, the damping coefficient has an optimal value. With the decrease of damping coefficient from the optimum value, the performance of the damper deteriorates gradually and as the damping coefficient approaches to zero the two buildings finally return to the unlinked situation. On the other hand, if the damping coefficient increases from the optimal value, the performance of the damper also declines and as the damping coefficient becomes very large, the two buildings behave as though almost rigidly connected. The fluid joint dampers were found to be more effective for the lower adjacent buildings than the higher adjacent buildings and more beneficial for the adjacent buildings having the same height as those of different heights. 
Two critics have been made by Zhang and Xu [1999]. The first one is that the pseudo-excitation method cannot predict dynamic characteristics of the adjacent building-damper system so that practical response spectrum method stipulated in most of the seismic design codes cannot be applied. The second one is that the pseudo-excitation method in conjunction with modal reduction technique can provide only an approximate solution to non-classically damped systems.

Zhang and Xu [1999] studied the coupling adjacent buildings using discrete viscoelastic dampers. They presented a framework for estimating modal damping ratios and stochastic seismic responses of adjacent buildings connected by Voight model-defined viscoelastic dampers. Seismic response analysis and modal analysis are compared. They found that the method is mathematically accurate and computationally efficient. The optimal values of the dampers found from the modal analysis with the maximum modal damping ratios as an objective were almost the same as those determined from the seismic response analysis with the maximum seismic response reduction as an objective.

Zhang and Xu [2000] present a procedure for determining dynamic characteristics and seismic response of adjacent buildings linked by fluid dampers. They found that using the Maxwell model-defined fluid dampers of proper parameters to link adjacent buildings can increase the modal damping ratios and reduce the seismic responses of adjacent buildings significantly. It is also shown that the behaviour of the adjacent buildings linked by the Maxwell model-defined fluid dampers could be the same as that connected by the Voight model-defined viscoelastic dampers. Attention to the reader is related to this conclusion is applicable to the conditions of the two buildings studied.

Zhu and Xu [2005] want to find general analytical formulas for the optimum parameters of fluid dampers connecting two adjacent structures. They proposed two optimization criteria and the analytical have been derived for determining optimum parameters of Maxwell model-defined fluid dampers used to link two adjacent structures under a white-noise excitation. The first optimization criterion is to minimize the relative vibration energy of the primary structure only. The second one is to minimize the total vibration energy of the two adjacent structures. The dynamic analysis demonstrates that the modal damping ratios of the adjacent structures with the optimized fluid damper are considerably increased and the relative displacements responses of both structures to the ground are significantly reduced. The results from three pairs of example adjacent structures manifest that the optimum parameters are also beneficial to reduce the responses of adjacent structures under either that filtered white-noise ground excitation or the real earthquake excitation. It is noticed that there are similar cases in which the response reduction of the adjacent structures is small because either the dominant excitation frequency is far away from the natural frequency of the structure or the installation of the fluid damper makes the frequency of the structure more close to the dominant excitation frequency. Also in some cases, the response reduction of the adjacent structures under the earthquake excitation is moderately smaller than that under the white-noise ground excitation or the filtered white-noise ground excitation.

Lavelle and Sues [1992] have studied two types of energy-dissipating pounding upgrade: hysteretic links and viscous dampers in parallel with hysteretic links. The advantage of a non-elastic link is that, unlike a rigid or elastic link, it limits the link forces to levels that are within the existing lateral load of the adjacent buildings. Moreover, the non-elastic link can dissipate energy. The retrofits are found to provide substantial reductions in localized pounding damage without adversely affecting the overall seismic response of either adjacent building. The devices are effective in reducing the high-frequency accelerations caused by pounding. They found that the linear models would overstate the severity of pounding damage for ductile buildings under strong earthquake. Therefore, closely spaced buildings that are over-designed, or are designed to respond elastically under strong earthquake, would be at increased risk for pounding damage. They proposed the solution presented at Figure 3‑24. 
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Figure 3‑24.
Roof-frame concept for PRD installation [Lavelle & Sues 1992]

Bhaskararao & Jangid [2006] made investigations on the effectiveness of friction dampers in mitigation the seismic responses of connected structures under various earthquakes. The results show that there is an optimum slip forces to attain the minimum responses in both structures. For a normalized slip force higher than this optimum, the performance of the damper is reduced. At very high slip force, the two structures behave as though they are rigidly connected. As a result, the relative displacements and the relative velocities of the connected floors become almost zero and the damper totally looses its effectiveness. On the other hand, if the normalized slip force is reduced to zero, the two structures act as unconnected. The neighbouring floors having more relative displacement should be chosen for optimal damper locations.

Ni, Ko and Ying [2001] analyzed the random seismic response of a structural system consisting of two adjacent buildings interconnected by non-linear hysteretic damping devices. The buildings were modelled as MDOF elastic structures. The results indicated that non-linear hysteretic dampers are effective even if they are placed on a few floor levels. When more dampers are installed, the optimal value of the initial yield force of the dampers is reduced. In particular, this type of damping device offers wideband vibration suppression for earthquake attacks with either low- or high-dominant exciting frequencies, not like the linear dampers.

Luco and De Barros [1998] determined the optimal values for the distribution of passive dampers (viscous dampers) interconnecting two adjacent structures of different heights. The optimal values minimize the peak amplitudes of the transfer functions for the response at the top of the taller structure in the vicinity of the first and second modes of the structure. The structures are represented as uniform elastic damped shear beams subjected to a common harmonic ground motion. They also found that the use of interconnecting dampers reduces the relative displacement between the two structures without increasing the shear forces.

Zhu and Iemura [2000] studied the interaction of two parallel systems to reduce the vibration response of the system by means of a coupling element. They demonstrate the effectiveness of this strategy in controlling structural vibrations responses under earthquake excitation.

Abdullah et al. studied [2001] attaching structures with a shared tuned mass dampers (STMD), shown in Figure 3‑25, to reduce both the structures vibration and probability of pounding. The result obtained show that implementing a STMD to reduce structural vibrations and mitigate pounding is an effective design. A design procedure utilizing a performance function is used to obtain the STMD parameters to result in best overall system response.
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Figure 3‑25.
STMD system [Abdullah et al. (2001)]

Kim et al. [2006] investigate the effect of installing viscoelastic dampers. Using parametric study on SDOF systems, they found that there exists a certain size of a VED minimizing the dynamic responses of the structures. It is effective only when the natural frequencies are different enough.

3.4.1 Summary

A summary of previous studies of pounding mitigation with a connection is presented in Table 3‑4.
Table 3‑4.  
Summary on previous research on pounding mitigation

	n
	type of connection
	Hypothesis of modelling
	Results found
	Reference

	1
	hinge-ended beams
	Linear structures

The coupled system is combined mass and stiffness matrix problem.

Estimates of fundamental frequency of coupled system are derived.


	+: reduce the relative overlap deflection of the structures at large amplitude
	Westermo [1989]

	
	
	
	+: good for structures with closely similar properties 
	

	
	
	
	-: increases the base shear of the stiffer of the two structures at excitation frequencies below the fundamental frequency
	

	
	
	
	-: reduce the chance of pounding but change the dynamic behaviour, possibly to worse. Coupling always in effect, even under mild shaking which would not cause pounding of the unconnected structures.
	

	
	
	
	-: if asymmetrical geometry, the linkage could increase undesirable torsional response
	

	2
	elasto-plastic device
	Two SDOF (elastic damped linear structure) under 5 artificial earthquakes
	+: improve the behaviour of both structures.
	De Angelis & Ciampi [1995]

	3
	Hinge-ended beams
	elastic modal superposition and pushover analysis
	+: the solution found leaves a free relative rotational move between blocks and a flexible translational movement. 

+: the linking limits beams displacements to acceptable levels.
	Plumier et al. [2005]

	4
	Joint damper system (hourglass-shaped damper)
	between two frames (same structure)
	+: damper diminish the max shear forces and the relative displacement
	Kobori at al. [1992]

	5
	viscoelastic or viscous damper
	Elastic MDOF
	+: reduce max displacements of both building.
	Kasai [1992]

	
	
	
	+: promote the in-phase motion.
	

	
	
	
	+: impact only in the vicinity.
	

	6
	viscoelastic damper
	Linear MDOF + aligned floor + pseudo-excitation
	+: if the damper properties are selected appropriately, the dynamic characteristics of the unlinked buildings response of both buildings can be significantly reduced
	Xu, He, Ko [1999] 

	
	
	
	-: the pseudo method they used cannot predict dynamic characteristics of the adjacent building-damper system => practical response spectrum method stipulated in most of the seismic design codes cannot be applied to this case. 
	

	
	
	
	-: the method used can provide only an approximate solution to non-classically damped systems 
	

	7
	viscoelastic damper
	linear adjacent building connected at each floor by viscoelastic damper
	Random seismic response of linear elastic shear buildings linked by viscoelastic dampers (Voight model) determined by a combination of the complex modal superposition method and the pseudo-excitation method.
	Zhang & Xu [1999]

	
	
	
	+: if the damper parameters are selected appropriately, the modal frequencies of the unlinked buildings could be retained, the modal damping ratios of the system could be significantly increased, and thus the earthquake-induced dynamic responses of both buildings could be considerably reduced.
	

	8
	Fluid dampers
	linear adjacent building connected at each floor by Maxwell model
	good parameters of the fluid dampers improve the behaviour of both structures.
	Zhang & Xu [2000]

	9
	Fluid dampers
	2 SDOF system +analytical formulas for determining optimum parameters of Maxwell model-defined fluid dampers
	the control effectiveness of the damper increases as the difference of the natural frequencies of the two structures increases. 
	Zhu, Xu [2005]

	
	
	
	when the natural frequencies of the two structures are very close to each other, the damper has no function at all. 
	

	
	
	
	optimum effective for: the filtered white-noise excitation and El Centro ground excitation
	

	10
	(Yielding bilinear hysteretic energy dissipater) or (yielding device in parallel with a dashpot)
	non-elastic MDOF + impact slab/slab and slab/column + random process
	+: provide substantial reductions in localized pounding damage without adversely affecting the overall response of either adjacent building
	Lavelle & Sues [1992]

	
	
	
	non-elastic PRD's are more effective that elastic links
	

	
	
	
	closely spaced buildings that are either overdesigned or designed to remain elastic under strong earthquake are particularly susceptible to severe earthquake
	

	11
	Friction dampers
	Formulate equations for SDOF + numerical models for MDOF
	analytical seismic response of 2 adjacent structures connected with friction damper.
	Bhaskararao & Jangid [2006]

	
	
	
	effectiveness of the damper to reduce structural responses.
	

	
	
	
	the neighbouring floors having more relative displacement should be chosen for optimal damper locations.
	

	12
	Friction dampers
	2 SDOF connected with friction under harmonic excitation
	the friction dampers are more effective when the natural frequencies of the connected structures are well separated.
	Bhaskararao & Jangid [2006]

	13
	non-linear hysteretic damper
	a random seismic response analysis method under non-white excitation + elastic MDOF
	effective even if installed at a few floors only.
	Ni, Ko and Ying [2001]

	
	
	
	offers wideband vibration suppression for earthquake attacks.
	

	14
	passive dampers (Viscous damper)
	Uniform elastic damped shear beams + harmonic motion
	interconnecting dampers reduces the relative displacement between the 2 structures without increasing the shear forces.
	Luco & De Barros [1998]

	15
	passive dampers (Viscous damper)
	2 coupled SDOF under stationary white-noise excitation
	Optimal parameters to minimize the relative energy of the system.
	Zhu & Iemura [2000]

	16
	Shared Tuned Mass Damper
	Elastic MDOF
	Attaching adjacent structures with a shared tuned mass damper to reduce both the structures vibration and probability of pounding.
	Abdullah et al. [2001]

	17
	viscoelastic damper
	SDOF + White noise and earthquake excitations
	There exists a certain size of the viscoelastic dampers that minimizes the response of the structures.
	Kim, Ryu & Chung [2006]

	
	
	
	Effective only when the natural frequencies are different enough.
	


3.5 Experimental tests on pounding mitigation with a reconnection
Cimellaro [2003] made test on a 1:5 scaled coupled building model. A passive control strategy is applied, using elasto-plastic, E-shaped, dissipative device. The advantages of the device are that the flexural moments have alternate sign in the two parts of the beam and the same occurs for the axial force. This allows the neutralization of the effect of geometry changes, which would cause geometric hardening in tension and softening in compression. Coupled building control is shown to be an effective method of natural hazard mitigation for adjacent buildings. However for strong earthquakes the rigid connection works better than passive control strategy, so for the coupled considered in his work, Cimellaro said that smart damping using MR dampers can achieve better performance than passive control.
Yang et al. [2003] studied two building (5 and 6 storey) linked by fluid dampers. The effect of the number, location, and linking pattern of fluid dampers and the effect of ground motion on control performance were examined. The experimental results show that the installation of fluid dampers can significantly reduce the seismic response of both buildings while the natural frequencies of both buildings remained unchanged. The seismic performance of adjacent buildings linked by fluid dampers was such superior to that of the adjacent buildings linked by rigid rods. The oblique damper arrangement could reduce the seismic responses of both buildings in two directions but it could introduce some torsional effects.

Rezavani and Moghadam [2004] used shaking table in 2004 to study different methods of reducing effects of buildings pounding during earthquake. The measures include increasing distance of the buildings, application of impact absorbing material, and connecting the two building together. It was concluded that 
Table 3‑5.  
Summary on previous experimental research made on pounding mitigation

	N°
	Formulation of the conclusions
	Reference

	1
	For strong earthquake the rigid connection works better than passive control strategy, so for the coupled building problem considered, smart damping using MR dampers can achieve better performance than passive control
	Cimellaro (2003)

	2
	Links by fluid dampers reduce the seismic response without changing the natural frequencies of both buildings
	Yang et al. (2003)

	
	Superior performance than the rigid rods
	

	
	Oblique damper arrangement reduces the seismic responses in 2 directions but it could introduce some torsional effects.
	

	3
	With the increase in distance between the two buildings, if pounding occurs, due to increase in velocity, acceleration also increases. 
	Rezavani and Moghadam (2004)

	
	By using impact-absorbing material, the acceleration response of structures has reduced which can be very important, especially for non-structural elements. 
	

	
	Connecting the structures at a floor level reduced the responses. Connecting the two buildings at more than a level did not improve very much the responses of the structures.
	


4 Analysis of pounding between buildings and mitigation by linking – Introduction to the numerical study

4.1 Assumptions and limitations

4.1.1 Introduction

Observations of previous earthquakes show certain characteristics related to pounding. Buildings of similar height and with similar structural systems tend to suffer less damage than buildings of different height and with different structural systems. This is due to the fact that buildings with the same height will have similar natural frequencies and will tend to move in-phase relative to one another. On the contrary, buildings of different structural systems will have different natural frequencies and will tend to sway out-of-phase with respect to each other; this may lead to serious damage. 

An extended number of possible cases with pounding can appear. The classification used in this work is:
· case A: adjacent buildings with the same heights and the same floor levels ;
· case B: adjacent buildings with the same floor levels but with different heights ;
· case C: adjacent structures with different total height and with different floor levels ;
· case D: loss of support of beams ;
· case E: row of buildings ;
· case F: corner buildings in city blocks ;
· case G: torsional pounding.
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Figure 4‑1. 
Representation of the different situations where pounding occurs.

Various types of analysis are made on pounding and on mitigation. Assumptions have to be made in order to limit the number of situation to study. This is the goal of this chapter.
Observations have shown that pounding hazard depend on the following 4 basic factors:

· building construction types (relative high ratio H1/H2; relative period ratio T1/T2; storey mass ratio m1/m2) ;
· ground acceleration ;
· soil condition ;
· stand-off distance (e) between buildings.

The soil condition will not be considered as a parameter in this work. 

A small time step is needed to ensure the convergence of each point. The time step ∆t=0,001 sec is taken for all test cases considered.
4.1.2 Two dimensions

Buildings are supposed to be regular in plan. When considering two different structures, their frames are supposed to be in the same plane. The ground motion is assumed to occur in one direction in the plan of symmetry of the buildings so that the problem can be reduced to a two-dimensional problem. The models examined in this work are for in-plane vibrations only and will not include any torsional effects. For structures with somewhat regular geometries, connection points can be found such that the torsional response would be reasonably small.
Particular considerations regarding the problem of lateral-torsional-pounding responses of asymmetric buildings are presented in § 6.8. 
4.1.3 Spatial variation of the ground motion

Nearly all the studies realized before were based on the assumption that the adjacent buildings have different dynamic characteristics, since otherwise, they would oscillate in phase and no pounding nor any other type of interaction would occur. However, in an actual practical situation, pounding during an earthquake can also occur between adjacent buildings with similar dynamic characteristics. This could happen for two situations: when the starting time of excitation is not the same for all adjacent structures or when the buildings have great dimensions. The first case appears due to a phase difference that depends mainly on the propagation velocity of surface seismic waves, such as Rayleigh waves. In this work, the spatial variations of the ground motion will be neglected because the total plan dimension in the direction of excitation is not large; only two structures are studied. 

For information, Athanassiadou et al. [1994] have studied the seismic response of adjacent buildings in series, having similar or different dynamic characteristics and with a phase difference in the starting times of excitation. The analysis indicated an increased response of the end structures, as well as of the most rigid structures in the series.

Hao and Zhang [1999] analyzed earthquake ground motion spatial variation effects on relative linear elastic response of adjacent building structures. They found that ground motion spatial effect is only important to adjacent high-rise structures with close vibration periods. 

4.1.4 Soil structure interaction

There is some evidence of correlation between occurrences of pounding and soft foundation soil conditions. This may be attributed to the more intense shaking typically reported for such soil conditions and/or from the possible settlement and rocking of the structures located on soft soils that can lead to an inclination of the buildings and subsequently to a permanent contact force between both structures. It may also be attributed in part to the design hypothesis, which supposes the building fixed at its base. This hypothesis is a safe side approach for earthquake action effects in terms of force, which are greater, but lead to underestimating displacements and necessary gaps between adjacent buildings. Both conditions lead to larger lateral deflections, which then promote pounding. Although no data is available to indicate the type of foundation that the structures subjected to pounding during past earthquakes had, it is likely that a flexible foundation may have promoted impact during the earthquake.

In this study, we have neglected the interaction between soil and structure due to time consuming of models. Neglecting soil-structure interactions limits the applicability of the results to stiff, firm ground and less restrictively to building, whose foundations are not massive (e.g. footing foundations). 

A summary of previous studies that incorporate soil-structure interaction is presented below.

Anagnostopoulos and Spiliopoulos [1992] modelled the supporting soil mass as a discrete element (spring-dashpot) system for the translational and rocking degrees-of-freedom. The values of the spring-dashpot constant of the foundation are chosen to reflect soil-structure interaction effects for each individual building. Therefore, to a certain extent, such effects are taken indirectly into account.

Rahman, Carr and Moss [2000] incorporate the effects of soil flexibility on the non-elastic dynamic response of a specific structural configuration comprising 12- and 6-storey reinforced concrete moment-resisting frames by a discrete element representation, comprising a mass-spring-dashpot system for each degree-of-freedom that represents the dynamic properties of the underlying elastic, homogenous soil medium.

Both of these researchers did not explain the effect of taking into account the soil structure interaction.

Chouw and Hao [2004] presented a paper on the pounding problem between adjacent bridge girders. Soil-structure interaction is considered by using finite and boundary element method. They found that the soil-structure interaction could affect the required gap to avoid pounding. However, they need more investigation to obtain a general conclusion.

Davidovici [1999] represents (Figure 4‑2) the incidence of the settling on the mutual position of two buildings.
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Figure 4‑2. 
Incidence of the settling of soil on the mutual position of both buildings
4.1.5 Limitation on the structures studied
The structures under consideration are designed in respect of Eurocode 2 and Eurocode 8. No brittleness was supposed to be made during the design or the construction of the structures. In reality, structures are not always well-designed. They can present some irregularities to the code involving different damage induced by pounding. 
Another high restraint on the work done is the restricted number of models done and the limitation on the structural type studied. 

4.2 Design of the structures considered in the analysis
4.2.1 Introduction

The structures studied are presented at Figure 4‑4. They are all designed according to the Eurocodes [EC8, EC2] for a peak ground acceleration of 0,4g, 0,25g and 0,10g. Buildings are supposed to be on a ground type C, which are deep deposits of dense or medium-dense sand, gravel or stiff clay with thickness from several centimetres to many hundreds of meters. 

The floors are made of a reinforced concrete slab and supposed to act as diaphragms. The floor diaphragms are rigid in plane; therefore, the impact forces are distributed to all the structural elements connected to the floor level.

Structural members, beams and columns, are idealized as distinct elements and all non-elastic deformations are concentrated at their two ends. This modelling is known as point hinge models. A detail explanation of the non-linear rotational spring at each end is presented later in this chapter.

4.2.2 Method of analysis

The design of the structures is made with the lateral force method. Then, the analysis of pounding problem is made by non-linear time-history analysis using the Finite Element program SAP 2000. This program uses the step-by-step direct integrations to solve the general equation of motions. Three accelerograms are used (Figure 4‑3), the most unfavourable value of the response quantities among the analyses must be used to make the design as recommended by EC 8. The GOSCA program [2001] was used to generate the three artificial accelerograms. 
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Figure 4‑3. 
Artificial accelerograms (ag= 0,4.g)

Following the review of literature presented in Chapter 3, one could wonder why the analysis of pounding problems is made by means of non-linear analysis. Indeed, a number of authors did use elastic models to investigate on pounding. Elastic analysis also is more straightforward, less time consuming and easy to run if modal superposition is used. The reason for choosing the non-linear analyses is that linear ones give wrong results if buildings enter in the non-linear domain. This is explained in details in Chapter 5. 

4.2.3 Design conditions of structural elements

The same shear resistance is attributed to each columns of the same cross-section. This means for example that for MRF 1 the storey 2 to 7 have the same design shear resistance VRd. The first level is a particular case because of the limit conditions.
By limiting the range of the frames to those which fulfil Eurocodes requirements, the variability in structural response which arises due to the differences between individual designs is somewhat reduced. It is considered that the differences between the structures analyzed are large enough to cover the majority of the response features that arise with reinforced concrete frames.

Table 4‑1 shows the principal results of the structures. 
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Figure 4‑4. 
The structures studied (dimensions in meters)

Table 4‑1.  
Fundamental period, maximum displacement of the seven structures (0,4g)

	0,4g
	MRF 1
	W 1
	MRF 2
	MRF 3
	MRF 4
	MRF 5
	MRF 6

	Displacement
at the top,
to the left  [m]
	0,159
	0,047
	0,143
	0,132
	0,112
	0,177
	0,148

	Displacement 
at the top,
to the right [m]
	0,169
	0,044
	0,104
	0,147
	0,156
	0,170
	0,173

	Fundamental Period [sec]
	0,937
	0,329
	1,600
	0,916
	0,660
	0,787
	1,109


Some explanations are presented further in this chapter to particular aspects of the modelling. 
4.2.4 Damping

Proportional damping is specified for dynamic analysis cases. A Rayleigh damping matrix is calculated as a linear combination of the stiffness matrix scaled by a user-specified coefficient, and the mass matrix scaled by a second user-specified coefficient. The two coefficients are computed by specifying equivalent fractions of critical modal damping at two different frequencies. Stiffness proportional damping is linearly proportional to frequency, mass proportional damping is linearly proportional to period.
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The proportionality factors γ0 and γ1 are calculated from 
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Where ξ is the damping ratio and the value of 5% is taken for this study.
4.2.5 Reinforced concrete

Earthquakes generate energy that has to be dissipated. Usually it is chosen to dissipate the seismic energy through irrecoverable non-elastic strains. These deformations can involve large excursions into the plastic range of the constituent materials. In the "capacity design" approach, certain areas of a structure are pre-selected to be those in which the non-elastic response of the structure will be accommodated through the formation of stable rotations of plastic hinges, while the remaining parts of the structure are designed to possess sufficient strength to preclude yielding. In moment-resisting frames, plastic hinges may be allowed to form in the beams and at the base of the ground floor columns, implying that the local rotation ductility supply provided by these members should at least be equal to the demand imposed upon them by the seismic actions.

Non-elastic models used for beams are concentrated in plastic hinges. With plastic hinge models, non-elastic behaviour is restricted to beams and columns ends. The wall of the dual system is supposed to work in an elastic range. We use the NEHRP [NEHRP, October 1997] recommendation as shown in Figure 4‑5 to introduce plastic hinges in beams. Reinforced concrete columns have been modelled using the same models identified for beams, except that axial force variations under the action of earthquake loading are also taken account.
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Figure 4‑5. 
Generalized load deformation behaviour in a plastic hinge according to NEHRP.

Each plastic hinge represents concentrated post-yield behaviour. The load-deformation relation is described by linear response from A (unloaded component) to an effective yield B. Subsequently, there is linear response, at reduced stiffness, from B to C, with sudden reduction in lateral load resistance to D, response at reduced resistance to E, and final loss of resistance thereafter. The slope from B to C, is taken as equal to 10% of the initial slope. C has an ordinate equal to the strength of the component and an abscissa equal to the deformation at which significant strength degradation begins. 

NEHRP makes a distinction between several kinds of failure modes, depending on the nature of the element (beams, columns). Each kind of failure mode is governed by its specific type of non-elastic behaviour (parameters a, b, c, d, e in Figure 4‑5) depending on some relevant parameters. For beams, the following failure modes have to be considered (Figure 4‑6):
· beams controlled by flexure ;

· beams controlled by shear ;

· beams controlled by inadequate development or splicing along the span ;

· beams controlled by inadequate embedment into beam-column joint.
The following parameters are under consideration for beams:
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Where ρ is the ratio of non-prestressed tension reinforcement, ρ' is the ratio of non-prestressed compression reinforcement, ρbal is the reinforcement ratio producing balanced strain conditions. ξ is a geometrical parameter, related to the symmetry of upper and lower reinforcement, and related to the relative quality of the materials steel and concrete; the parameters a, b and c used to describe the plastic hinge behaviour have to be computed for positive and negative bending moments, since in general ( ( ('.
The ‘conformity’ of the transverse reinforcement:
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Where V is the design shear force at section, bw the web width, d is the distance from extreme compression fibre to centroid of tension reinforcement, 
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 is the compressive strength of concrete. This ratio is a parameter related to the shear failure mode (and thus related to the risk of brittle failure). 
The SAP 2000 program specifies additional deformation measures of the plastic hinges introduced:

· IO: immediate occupancy.

· LS: life safety.

· CP: Collapse prevention.

These points are informational measures that are reported in the analysis results and used for performance-based design. They do not have any effect on the behaviour of the structure. 
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Figure 4‑6. 
Ductility parameters a, b, c for beams according to NEHRP 
Analyses have been performed using time steps of the order of 1/5000 to 1/10000 in order to achieve numerical stability and to reproduce adequately higher mode response excited by the short-duration impacts.

The time history responses including horizontal displacements, velocities, accelerations and internal forces at all joints and members in all degrees of freedom have been computed.
A better modelling of reinforced concrete would be a strength degradation type, but this advantage would be at the expense of computation time.
4.3 Modelling of impact

Contact points are known a priori. They are located at each slab of the buildings. The diaphragms of adjacent buildings can be aligned or not.
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Figure 4‑7.
Position in the model of the contact element
The Kelvin model (see Figure 4‑8 and paragraph 2.4.1.2) is used in SAP 2000 program to simulate the pounding phenomenon. The impact Kelvin would be a better representation of the problem, because the viscous element does not remain activated when the structures tend to separate, but due to calculation time and problem of convergence, it has not been used at this stage. 
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Figure 4‑8. 
Traditional Kelvin model

The response of the contact elements has three parts. First, the negative direction of the X-axis that represents the condition that the buildings move away from each other. In the positive direction of the X-axis there are two parts in order to simulate the actual behaviour of the structures in case there is a small gap distance (gp) between them. It is possible that the structures move one towards the other but the displacements are small and the existing gap not covered. In case of the structures move one towards the other and the displacements bridge the existing gap or the structures are in contact from the beginning, the contact elements responds as a spring with almost infinite stiffness. The properties of the impact element are highly uncertain and hence difficult to determine with accuracy. 
However, the influence of the three pounding modelling parameters (impact element stiffness, impact element damping and gap size between buildings) was studied in a previous work made by the author [Warnotte, 2005]. In spite of the difficulties encountered to estimate the stiffness or damping constants of the impact elements, results indicate that the system responses are not very sensitive to these parameters. This conclusion was also obtained by various authors [Anagnostopoulos [1988], Anagnostopoulos and Spiliolopoulos [1992], Maison and Kasai [1992]].

4.4 Pounding Reduction Devices (PRD's) considered in the analysis

Problems and state of the art on pounding have been explained in details in previous chapter. Different solutions have been proposed. One method for eliminating such dynamic contact between closely spaced buildings is by linking the buildings. The basic motivation for such connection is to provide a relatively simple and cost effective modification to prevent the buildings from pounding without introducing any complexities to the dynamic response or changing the basic characteristics of the building. 

The purpose of the PRD is to produce forces that help maintain separation distance, by restraining the buildings from converging and/or separating. One design condition is to limit the link forces to levels that are acceptable for both of the adjacent buildings. By limiting the peak link forces, the PRD can be installed without upgrading the existing lateral load carrying systems of the buildings. Two factors contribute to this behaviour: selecting a yield load low enough for the PRD limitates the link force and the non-linear ductile response behaviour of the buildings tends to attenuate the propagation of the pounding shocks. The PRD could also preferably dissipate energy, which is feasible if non-elastic links and/or viscous devices are used to damp the relative motions of the buildings at the PRD level. In the following, the PRD's considered are passive dampers.
Passive dampers have been described in general terms in paragraph 3.3.2. Just a few analytical representations can cover a wide variety of behaviour. An exception is a device with evolutionary behaviour that is, where the law's parameters depend on the loading history. The passive dampers modelled in our analysis are presented below. Advantages and disadvantages in the pounding context are criticized at chapter 7.3.
All devices have advantages and disadvantages when considering pounding problems and the selection of a type of link will depend on the structure and on the seismicity of the zone.
Table 4‑2.  
PRD's used

	Types of PRD
	Modelling
	Comments

	Soft Material (shock absorbing material)
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	The connector is activated only in compression side.

	Hinged Rigid Link
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	Only axial forces are carried out by the device.
The link is designed to work only elastically.

	Elastic-plastic
	[image: image119.wmf]
	Initial elastic range of behaviour and dissipate energy when undergoes large plastic deformations

	Viscoelastic (Maxwell model)
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	Increased the damping properties of the structures,

Promote the in-phase motion of both buildings.

	Fluid viscous dampers
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	Dissipate energy through the deformation of a viscous fluid. Materials with large viscosities must be employed exhibiting both frequency and temperature dependent behaviour


5 On the use of simplified methods to evaluate pounding effects


5.1 linear or non-linear models of the structures  

5.1.1 Introduction

The main objective of this work is to guide designers through mitigation of pounding problems. Various ways have been proposed in the paragraph 3.2. However, one major point is missing: no simple method to evaluate pounding effects exists. Indeed the models proposed in Chapter 4 take a long time and a lot of informations must be known to be realized. This problem is due to plenty of parameters like the hard type of analysis (direct time history), the use of point hinge to model reinforced concrete, the necessity to use non-linear element to represent pounding adequately and so on. 
5.1.2 Elastic or non-elastic model
The purpose of this part of the work is to show the differences obtained when the structures stay in the elastic domain or are modelled to work in the plastic domain. 

In conventional construction, it is recognized that it is uneconomical to design a structure to respond in a strong earthquake without damage. It is thus accepted that demand will exceed the elastic capacity and non-elastic action will occur. The structural elements, which experience non-elastic action, are detailed for ductility so that structural failure is prevented at the expense of significant structural and non-structural damage. It can be expected that the non-elastic structural response of interacting structures may considerably influence the pounding results observed during the earthquake. The author calls the attention to the type of modelling structures used, either elastic or non-elastic. As we will see, it is very important to represent adequately the behaviour of both structures. Only few researchers assess the type of modelling of buildings. A brief review of their results is presented. 
Lavelle and Sues [1992] found that the linear models would overstate the severity of pounding damage for ductile buildings under strong earthquake. Therefore, closely spaced buildings that are over-designed, or are designed to respond elastically under strong earthquake, would be at increased risk for pounding damage.
Pantelides and Ma [1998] studied the effects of pounding of a damped SDOF structural system against a rigid structure assumed to remain stationary. Displacement is larger but the peak velocity, acceleration, pounding force and numbers of pounding occurrences in non-elastic are significantly less when compared to the elastic case. They conclude that the non-elastic behaviour of structures under pounding is less conservative than the elastic behaviour assumption.

Jankowski [2006] studied the idea of impact force response spectrum between two adjacent structures, which shows the plot of the peak value of pounding force as a function of the natural structural vibration periods. He found that the increase in the ductility factors for both structures simultaneously leads to the substantial reduction in the peak impact forces.
To get insight into the differences between an elastic and non-elastic model, the response of a non-elastic MDOF system MRF 1 –W 1 under a peak ground acceleration of 0,4g (Figure 4‑4) is compared to the elastic response. 

Table 5‑1, Table 5-2, Table 5‑3 and Table 5‑4 summarize the displacements and the base shear forces for MRF 1 and W 1 in case of non-elastic and an elastic model.
Table 5‑1.  
Comparison of the displacement with and without pounding for non-elastic structures

	
	Peak displacements (m) at the side opposite to pounding
	(Wo Pounding - pounding)/Wo Pounding *100

	
	Storey
	Wo Pounding
	e = 0,0877 m
	e = 0,04 m
	e = 0,004 m
	e=0,0877 m
	e=0,04 m
	e=0,004 m

	W 1 

(displ

to the right)
	7
	0,044
	0,049
	0,039
	0,046
	-11
	11
	-4

	
	6
	0,037
	0,041
	0,033
	0,038
	-12
	11
	-3

	
	5
	0,029
	0,033
	0,026
	0,029
	-12
	11
	-1

	
	4
	0,021
	0,024
	0,019
	0,021
	-13
	11
	2

	
	3
	0,014
	0,016
	0,012
	0,013
	-13
	12
	4

	
	2
	0,007
	0,008
	0,007
	0,007
	-14
	11
	1

	
	1
	0,003
	0,003
	0,002
	0,003
	-12
	8
	0

	MRF 1

(displ

to the left)
	7
	-0,159
	-0,186
	-0,218
	-0,198
	-17
	-37
	-24

	
	6
	-0,146
	-0,171
	-0,192
	-0,175
	-17
	-31
	-20

	
	5
	-0,127
	-0,151
	-0,160
	-0,148
	-19
	-26
	-17

	
	4
	-0,102
	-0,122
	-0,123
	-0,114
	-20
	-21
	-12

	
	3
	-0,072
	-0,086
	-0,083
	-0,078
	-20
	-16
	-9

	
	2
	-0,041
	-0,048
	-0,045
	-0,042
	-18
	-10
	-4

	
	1
	-0,014
	-0,015
	-0,015
	-0,014
	-6
	-8
	-1


Table 5‑2.  
Comparison of the shear action effect with and without pounding for non-elastic structures

	
	
	Base shear forces (kN)
	(Wo Pounding - pounding)/

Wo Pounding *100

	
	Accelerogram
	Wo Pounding
	e = 0,0877m
	e = 0,04m
	e = 0,004 m
	e=0,0877 m
	e=0,04 m
	e=0,004 m

	W 1
	ACC1
	Max
	2250
	2803
	2134
	2423
	-25
	5
	-8

	
	
	Min
	-2802
	-3212
	-2237
	-2152
	-15
	20
	23

	
	ACC2
	Max
	2822
	3007
	2447
	2841
	-7
	13
	-1

	
	
	Min
	-2246
	-3099
	-2216
	-3011
	-38
	1
	-34

	
	ACC3
	Max
	2719
	3157
	2854
	2756
	-16
	-5
	-1

	
	
	Min
	-2065
	-3156
	-3031
	-2759
	-53
	-47
	-34

	MRF 1
	ACC1
	Max
	1261
	2096
	1166
	1225
	-66
	8
	3

	
	
	Min
	-1146
	-3229
	-1419
	-1218
	-182
	-24
	-6

	
	ACC2
	Max
	1096
	2040
	1420
	1250
	-86
	-30
	-14

	
	
	Min
	-1177
	-2941
	-1597
	-986
	-150
	-36
	16

	
	ACC3
	Max
	1271
	2307
	1228
	1341
	-82
	3
	-6

	
	
	Min
	-1222
	-2982
	-1449
	-1221
	-144
	-19
	0


Table 5‑3.  
Comparison of the displacement with and without pounding for elastic structures

	
	Peak displacements (m) at the side opposite to pounding
	(Wo Pounding - pounding)/

Wo Pounding *100

	
	Storey
	Without Pounding
	e = 0,0877 m
	e = 0,04 m
	e = 0,004 m
	=0,0877 m
	e =0,04 m
	e =0,004 m

	W 1 

(displ.

to the right)
	7
	0,043
	0,049
	0,064
	0,061
	-14
	-49
	-43

	
	6
	0,036
	0,041
	0,055
	0,051
	-13
	-51
	-40

	
	5
	0,029
	0,033
	0,044
	0,039
	-13
	-54
	-35

	
	4
	0,021
	0,024
	0,033
	0,028
	-12
	-54
	-30

	
	3
	0,014
	0,016
	0,022
	0,018
	-11
	-54
	-30

	
	2
	0,008
	0,008
	0,012
	0,010
	-10
	-53
	-29

	
	1
	0,003
	0,003
	0,004
	0,003
	-8
	-51
	-28

	MRF 1

(displ.

to the left)
	7
	-0,205
	-0,186
	-0,201
	-0,144
	9
	2
	30

	
	6
	-0,185
	-0,171
	-0,179
	-0,130
	7
	3
	30

	
	5
	-0,159
	-0,151
	-0,152
	-0,112
	5
	5
	30

	
	4
	-0,129
	-0,122
	-0,120
	-0,089
	5
	6
	31

	
	3
	-0,091
	-0,086
	-0,084
	-0,063
	5
	8
	31

	
	2
	-0,052
	-0,048
	-0,047
	-0,035
	9
	10
	34

	
	1
	-0,017
	-0,015
	-0,015
	-0,011
	12
	13
	36


Table 5‑4.  
Comparison of the shear action effect with and without pounding for elastic structures

	
	
	Base shear forces (kN)
	(Wo Pounding - pounding)/

Wo Pounding *100

	
	Accelerogram
	Without Pounding
	e = 0,0877 

m
	e = 0,04

m
	e = 0,004 

m
	e = 0,0877 m
	e = 0,04 m
	e = 0,004 m

	W 1
	ACC1
	Max
	2344
	2803
	2362
	2509
	-20
	-1
	-7

	
	
	Min
	-3027
	-3212
	-4145
	-3941
	-6
	-37
	-30

	
	ACC2
	Max
	3042
	3007
	3541
	3531
	1
	-16
	-16

	
	
	Min
	-2584
	-3099
	-4378
	-3801
	-20
	-69
	-47

	
	ACC3
	Max
	2933
	3157
	3106
	3531
	-8
	-6
	-20

	
	
	Min
	-2726
	-3156
	-3414
	-3801
	-16
	-25
	-39

	MRF 1
	ACC1
	Max
	2390
	2096
	1827
	1566
	12
	24
	34

	
	
	Min
	-2277
	-3229
	-2155
	-1126
	-42
	5
	51

	
	ACC2
	Max
	2058
	2040
	2103
	1568
	1
	-2
	24

	
	
	Min
	-2676
	-2941
	-2044
	-867
	-10
	24
	68

	
	ACC3
	Max
	2588
	2307
	1829
	1490
	11
	29
	42

	
	
	Min
	-2030
	-2982
	-2053
	-906
	-47
	-1
	55


In case of pounding problems, both models react in a completely different way. Table 5‑5 clearly summarizes the differences observed. Whereas the displacements of MRF 1 tend to increase in the non-linear model, they decrease in the linear model.

Table 5‑5.  
Comparison of the behaviour of an elastic and non-elastic model

	Effect considered
	Structure
	Non-elastic model
	Elastic model

	Displacements (m)
	W 1
	Depends on the stand-off distance
	Increase

	
	MRF 1
	Increase
	Decrease

	Base shear forces (kN)
	W 1
	Depends on the stand-off distance
	Increase

	
	MRF 1
	Increase
	Decrease


The forces of contact and the total duration of pounding during an accelerogram are greater when the structures are elastic (Table 5‑6 and Table 5‑7). The increase in number and severity of the collisions is probably due to the higher effective frequencies and response velocities of the linear buildings.
Table 5‑6.  
Total time of pounding for an elastic and non-elastic model
	Time (sec)
	e=0,0877 m
	e=0,04 m
	e=0,004 m

	Storey
	Accelerogram
	Elastic
	Non-elastic
	Elastic
	Non-elastic
	Elastic
	Non-elastic

	7
	ACC1
	0,3
	0,075
	0,95
	0,325
	1,925
	0,75

	7
	ACC2
	0,75
	0,4
	1,725
	0,8
	2,1
	0,625

	7
	ACC3
	0,875
	0,275
	1,4
	0,475
	1,95
	1,075

	6
	ACC1
	0,125
	0
	0,5
	0,15
	1,95
	0,825

	6
	ACC2
	0,375
	0,225
	1,1
	0,5
	2,225
	1,025

	6
	ACC3
	0,225
	0,05
	0,85
	0,475
	1,975
	0,975

	5
	ACC1
	0,025
	0
	0,1
	0,05
	1,9
	0,8

	5
	ACC2
	0,025
	0
	0,7
	0,2
	2,175
	1,1

	5
	ACC3
	0
	0
	0,325
	0,275
	1,75
	0,875

	4
	ACC1
	0
	0
	0,025
	0
	1,4
	0,55

	4
	ACC2
	0
	0
	0,1
	0,025
	2,075
	1,175

	4
	ACC3
	0
	0
	0
	0,025
	1,7
	0,775

	3
	ACC1
	0
	0
	0
	0
	1,05
	0,5

	3
	ACC2
	0
	0
	0
	0
	1,475
	1,1

	3
	ACC3
	0
	0
	0
	0
	1,225
	0,625

	2
	ACC1
	0
	0
	0
	0
	0,125
	0,1

	2
	ACC2
	0
	0
	0
	0
	0,35
	0,275

	2
	ACC3
	0
	0
	0
	0
	0,15
	0,25

	1
	ACC1
	0
	0
	0
	0
	0
	0

	1
	ACC2
	0
	0
	0
	0
	0
	0

	1
	ACC3
	0
	0
	0
	0
	0
	0


Table 5‑7.  
Contact forces for an elastic and non-elastic model

	F contact (kN)
	e=0,0877 m
	e=0,04 m
	e=0,004 m

	Storey
	Elastic 
	Non-elastic
	Elastic 
	Non-elastic
	Elastic 
	Non-elastic

	7
	5265
	2349
	3501
	2532
	3537
	3363

	6
	1527
	1107
	3636
	2383
	3845
	2751

	5
	421
	0
	2853
	1663
	3433
	2117

	4
	0
	0
	536
	298
	2463
	1523

	3
	0
	0
	0
	0
	1419
	1181

	2
	0
	0
	0
	0
	494
	736

	1
	0
	0
	0
	0
	0
	0


To explain these differences, the amplification effects due to pounding are measured in terms of energy change. During pounding interactions, a force is transmitted from one structure to the adjacent one. The presence of the force alters the energy level that each structure was subjected to, and a new response was observed. Some energy was transferred during the impact interactions, while a part of the energy was dissipated during contact, if possible in the modelling. The transfer of energy is easiest to express in the case of two structures modelled as SDOF systems. To simplify the analysis, energy cannot be dissipated during contact. 

Consider the equations of motion of two linear structures prone to pound:
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Where fp is the pounding force (contact force) between the structures. 
Calculate the relative energy in the system by multiplying each equation by the velocity of each structure, and integrating over time gives:
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Where
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As proposed by Valles and Reinhorn [1997], for simplicity, a distinction is made between the input energy (Ei), the transfer energy (Etr), and the structure energy (Es1):
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The MRF 1 and W 1 structures are idealized as elastic and non-elastic SDOF system. To simplify the analysis, damping is not permit and energy cannot be dissipated during contact.

The difference of an elastic and non-elastic behaviour is represented for the displacement in Figure 5‑1 and Figure 5‑2. 
For elastic structures, the displacements to the right of MRF 1 are stopped by the W 1 system. The maximum displacement at the side opposite to pounding is almost the same as the one without pounding. While, the displacements of the W 1 structure are amplified in both directions. This is conferring to the energy transmitted by the MRF 1 system to the W 1 system. 
For non-elastic structures, the amplitude of displacements in both structures (Figure 5‑2) is not changed by pounding. However, already after the first hit, which may induce only moderate impact force, structures rebound in opposite direction. After few impacts, structures are not able to contact each other. It should be underlined that in this case, pounding induces higher permanent displacements than in the case without pounding. Like in case of elastic structures, energy is transmitted by the MRF 1 system to the W 1 system. Figure 5‑4 shows the structural and the input energy for both systems. In the MRF 1 system, the input energy is higher than the structural energy; whereas, in the W 1 system, the input energy is smaller than the structural energy. 
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Figure 5‑1. 
Evolution of the displacement during accelerogram 3 (Elastic system)
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Figure 5‑2. 
Evolution of the displacement during accelerogram 3 (Non-elastic system)
Figure 5‑3 shows the structural and the input energy for both elastic systems. In the MRF 1 system, the input energy is higher than the structural energy; whereas, in the W 1 system, the input energy is smaller than the structural energy. Therefore, due to the principle of conservation of energy, a transfer of energy between the structures MRF 1 to W 1 must take place during contact of structures.
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Figure 5‑3. 
Input and structural energy for both elastic systems
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Figure 5‑4. 
Input and structural energy for both non-elastic systems
This example, even if very simple, shows clearly the differences obtained in an elastic and non-elastic modelling of structures. Figure 5‑5 and Figure 5‑6 illustrate the differences observed in pounding effect for elastic or non-elastic structures. 

For elastic system, when impact occurs, the transfer of energy from MRF 1 to W 1 leads to almost unchanged maximum displacement in MRF 1 and an increase displacement in W 1 (due to the increase of energy).
[image: image138.emf]W 1


F


F


F


d


d


d


F


d


MRF 1


Without 


pounding


With 


pounding




W 1

F

F

F

d

d

d

F

d

MRF 1

Without 

pounding

With 

pounding


Figure 5‑5. 
Illustration Force-displacement for an elastic SDOF MRF 1 and W 1
The behaviour of the non-elastic system is completely different. There is also an exchange of energy during impact but the most important effect of pounding is the impulse force. Due to this impulse force, the structures are pushed at the side opposite to pounding. Then, they oscillate around this modified position and might not be able to come into contact again.
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Figure 5‑6. 
Illustration Force-displacement for a non-elastic SDOF MRF 1 and W 1
5.1.3 Conclusions

It is unrealistic to expect that a traditionally designed structure will remain entirely elastic during a major seismic disturbance. The simple example presented in this chapter demonstrates that, when pounding occurs, a structure entering in the plastic domain cannot generally be adequately represented by an elastic model.
This conclusion limits the applicability of the previous work made on the elastic domain. Moreover, it induces that it is very difficult for practical engineers to take into account the general effect of pounding. If this evaluation cannot been done, how engineers can use strengthening as a good way of mitigation? 
Only non-elastic time-history analyses can be expected to yield realistic estimates of relative displacement across movement joints.
5.2 Limitations of Single Degree Of Freedom systems
This paragraph shows the limitations which appear when using a Single Degree of Freedom systems instead of Multiple Degree of Freedoms or Finite Elements. These simple comments illustrate the limitations of previous works made on pounding between SDOF systems.
Paragraph 5.1 demonstrates that an elastic modelling of structure can only be used to represent a structure staying in the elastic domain. However, for an elastic modelling it is unnecessary to lose time in calibration of a SDOF system. For a non-elastic modelling of structures, it is difficult to calibrate a complete non-linear model of structure to a SDOF system. It cannot represent the interaction between two structures with different total height or unaligned floor level. In the first case, the possible formation of a soft storey mechanism that can be caused by pounding action is not represented. In the second case, the stiffness of the impacted columns has a great importance.

5.3 Simplified model of non-elastic structures

As using a model with elastic structures and simplified models of pounding cannot be applied, maybe representing the structures with a simplified non-elastic model is possible. To have a general simplified model, each possible pounding situation needs to be represented by this simple method.

1. If the column on the side of pounding is impacted by a slab, its stiffness and strength must be the original one. In the case represented at Figure 5‑7, the possible impacted column is Kc,3; all its dynamic characteristics are kept. 

2. The global stiffness and mass of the structures must be the same. This is realized by utilizing the equivalent beams and columns defined by:
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Figure 5‑7. 
Simplified non-elastic models of structures
The elastic properties are now defined. The biggest problem of this simplified model is the calibration of the non-elastic behaviour of the structures. This calibration has been trying during a long time without satisfactory results. The gain of time due to simplified modelling structures is completely loosened when trying to calibrate the non-elastic behaviour.

This simplified method does not work. Based on the observation that the obtained elastic contact forces are found to be always higher than the non-elastic contact forces, another idea is proposed. The proposal is to use these secure elastic contact forces to evaluate pounding effects. The seismic action effects are combined with the pounding action effects. The proposed method is as follows:

1. A seismic analysis is made in a classic way (lateral force method of analysis, modal response spectrum analysis, etc) and the seismic action effects are deduced. This first step shows if pounding can occur or not. If pounding is present than the phenomenon cannot be neglected.

2. A model of pounding (necessary non-linear) with elastic structures is realized to identify the contact forces at each storey.

3. The effects of these contact forces on the structures under consideration are evaluated.

4. A combination of the seismic action effects and the pounding effects (computed in 1 and 3) is made to evaluate the danger of pounding, the action effect including pounding and the strengthening needed in the existing structure elements.
This method, although seemingly simple, has some disadvantages :
· it cannot be used to evaluate the possible characteristics of a reconnection between both structures. It can only be used to evaluate pounding and seismic effects for a possible strengthening and see whether additional measures like linking are necessary ;
· the maximum contact forces are known for each storey but these forces are impulse forces, which mean taking into account the duration of the application. A secure possible solution is to apply these contact forces with a multiplication factor in a static way. In fact, this solution is secure but overestimates action effects in the linking ;
· in the point 4, the seismic action effects and the pounding effects need to be combined. A details study is required to find the suitable combination.

6 Analysis of pounding between buildings and mitigation by linking – The numerical study 

6.1 Introduction

To clarify the models realised, Table 6‑1 presents a list of the different models realised for each situation of pounding studied.
Table 6‑1.  
Presentation of the models realised

	
	Structures
	Pounding
	Mitigation

	Case A
	MRF 1 / W 1
	Interaction between a moment resisting frame and a dual system

Stand-off distances: 0.0877m, 0.04m and 0.004m;
PGA: 0.4 g
	Hinge-ended beams
Fluid viscous dampers

Viscoelastic dampers

	
	MRF 1/ MRF  5
	Interaction between two moment resisting frames

Stand-off distances: 0.08m, 0.04m and 0.004m; PGA: 0.4 g
	Hinge-ended beams

	
	MRF 6/ MRF  5
	Interaction between two moment resisting frames with different masses

Stand-off distances: 0.08m, 0.04m and 0.004m; PGA: 0.4 g
	Hinge-ended beams
Viscoelastic dampers

	Case B
	MRF 1 / MRF 2
	Interaction between two moment resisting frames
Stand-off distances: 0.10m, 0.04m and 0.004m

PGA: 0.4 g, 0.25g and 0.10g
	Hinge-ended beams
Soft material

Tension only devices

Fluid viscous dampers

	
	W 1 / MRF 2
	Interaction between a dual system and a tall moment resisting frame.
Stand-off distances: 0.10m, 0.04m and 0.004m; PGA: 0.4 g
	Fluid viscous dampers

Viscoelastic dampers

	Case C
	MRF 3 / MRF 4
	Interaction between two moment resisting frames

Stand-off distances: 0.08m, 0.04m and 0.004m; PGA: 0.4 g
	Hinge-ended beams
Viscoelastic dampers


6.2 Case A: Adjacent buildings with equal height and with aligned floor levels
6.2.1 Introduction

The first case studied is between two buildings having the same height and with floors in alignment. Collisions may occur between the storey diaphragms. The actual structural behaviour at the contact point during impact is complex. The response may include high-frequency compression waves in the floor diaphragms as well as local non-elastic energy absorption at the contact points. 

6.2.2 Observations from past earthquakes and experimental tests

Case A is probably the one that will cause the less damage to structures, because local impacts take place between strong horizontal plans (the diaphragms). However, several degradations have been observed in real earthquakes.

Davidovici [2003] reported effects due to pounding between structures observed during the earthquake of Boumerdes in 2003. Figure 6‑1 shows the opening observed between two buildings due to pounding. 
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Figure 6‑1. 
Opening of the stand-off distance (Davidovici, 2003, Boumerdes)

During the Friuli earthquakes of 1976, pounding has been observed between units of the Gemona hospital, a 10-storey complex of reinforced concrete frame buildings separated by expansion joints. The units that experienced pounding were of the same height and with floor levels at the same elevation. No serious degradation was reported.
During the Bingöl earthquake (May 2003), pounding between two mid-rise office buildings was observed immediately after the main shock (Figure 6‑2). The effect of pounding increased with height.
An example of important damage caused by pounding was observed during the Tokachi-Oki earthquake (Japan, 1968) as shown in Figure 6‑3: the dislocation of one unit of the 3-storey Misawa Commercial High school. It pounded against an adjacent similar unit of the same height that was stiffer and about 3 times more massive. 

One question after the observations of damage due to pounding in earthquakes is whether pounding alone would have led to if other deficiencies (e.g. in design, construction etc.) had not been present.
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Figure 6‑2. 
Pounding between the Mid-rise Office Buildings of the Bingöl Public works and Settlement branch Complex
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Figure 6‑3. 
The Misawa Commercial High School

6.2.3 Effect of pounding

The case of two similar structures with aligned floor levels and with same height is typically met when two part of one building is separated with a joint. Three different pounding situations are studied. The first one is between a moment resisting frame (MRF 1) and a dual system (W 1). The second one concerns the interaction between two moment resisting frames (MRF 1 and MRF 5). In these both cases, the mass of each of the two buildings are almost equal. The last case involves the interaction between two moment resisting frames having different masses (MRF 1 and MRF 6). Each structure is represented at Figure 6‑4 and described in paragraph 4.2. 
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Figure 6‑4. 
The structures studied in case A
6.2.3.1 First numerical model (MRF 1 & W 1)
In this part of the work, the MRF 1 and W 1 system are supposed to hit each other. Three stand-off distances (0,0877m, 0,04m and 0,004m) and one peak ground acceleration (ag=0,4g) are studied. The deformed shapes of the structures are presented at Figure 6‑5.

First, results due to pounding between MRF 1 and W 1 under a PGA of 0,4g and with a stand-off distance of 0,0877m are presented. 
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Figure 6‑5. 
Deformed shapes at the end of accelerogram 1 of MRF 1 and W 1 structures without considering pounding

Table 6‑2 shows the maximum displacement obtained with each accelerograms. The "percentage" columns show the increase or decrease of the displacements in case of pounding. As can be seen in the results, 3 accelerograms is a bit little to draw general conclusions. However, due to the complexities of the models the time consummation for one analysis made with one accelerogram is high, the use of 3 accelerograms is kept. We can say, as found by Wolf and Skrikerud [1980], that pounding changes the global seismic response of the involved structures. For the flexible structure, an increase in the global response occurs, whereas for the stiff structure no real change occurred.
Table 6‑2.  
Maximum top displacements

	Displacement

(m)
	Without Pounding
	With Pounding
(e=0,0877 m)
	Percentage 

(With/Without pounding *100)

	
	Left 
	Right
	Left 
	Right
	Left 
	Right

	MRF 1
	Acc. 1
	-0,147
	0,093
	-0,154
	0,093
	104
	101

	
	Acc. 2
	-0,119
	0,169
	-0,172
	0,118
	145
	70

	
	Acc. 3
	-0,159
	0,124
	-0,155
	0,107
	97
	86

	W 1
	Acc. 1
	-0,035
	0,044
	-0,036
	0,042
	101
	95

	
	Acc. 2
	-0,042
	0,037
	-0,042
	0,037
	101
	100

	
	Acc. 3
	-0,047
	0,034
	-0,045
	0,034
	97
	98


The maximum displacements for each storey (to the left and to the right) are compared in Figure 6‑6 for both cases, with and without pounding. The dual structure is almost rigid against the frame system and acts as a stopper. Pounding causes an increase in displacements in the MRF 1 structure at the side opposite to pounding. Due to these excessive displacements, the gravity and the subsequent P-( effect may cause the collapse of the building. A check has been made to see whether the second-order effects need to be taken into account or not. In this case, the interstorey drift due to pounding is not greater than the one without pounding: the displacement on the left side of the frame system when pounding occur is not greater than on the right side when the structures do not hit each other. 
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Figure 6‑6. 
Maximum displacement for each storey of MRF 1 and W 1 (e=0,0877m)
Another important result underline in Table 6‑2 is the differences between each accelerogram. 
The evolutions of the displacement are presented in Figure 6‑7 and Figure 6‑8 respectively for accelerogram 1 and 2. A non-elastic system often develops a biased response to one side, which results in different displacement under different accelerograms. For instance, during accelerogram 1 displacement to the left is higher than to the right whereas during accelerogram 2 the opposite situation appears. This divergence shows that the results depend on the excitation characteristics and their relationship with the buildings fundamental periods. Nevertheless, the amplitudes of the displacements due to pounding during both accelerograms are almost equivalent. During accelerogram 1, pounding occurs but do not change the behaviour of MRF 1 structures. Whereas, during accelerogram 2, the strikes push the MRF 1 structure to the left side. These impacts do not change the amplitude of the displacement, conducting to behaviour similar to the case of MRF 1 under accelerogram 1.
Another problem that could appear due to this increase in displacements is the damage limitation requirement. The interstorey drifts could not respect anymore the criterion. Even if this criterion is not as requiring as the P-∆ effect, it might correspond to damage to non-structural elements. Like observed with the P-( effect, for the case under consideration, the criterion for the damage limitation under pounding effect is still demonstrated.
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Figure 6‑7. 
Evolution of the displacement during accelerogram 1 and with e=0,0877m
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Figure 6‑8. 
Evolution of the displacement during accelerogram 2 and with e=0,0877m

This first part of the results presented the general behaviour of pounding between MRF 1 and W 1 with e=0,0877m. Subsequently, a comparison of the results for the different stand-off distance 0,0877m, 0,04m and 0,004m is made.
Peak responses displacements of the top storey are shown at Table 6‑3 for the MRF 1 system and at Table 6‑4 for the W 1 system. Decreasing the stand-off distance decreases the displacement of the MRF 1 system on the side of pounding and increases the displacement in opposite direction. These results clearly show that, when the seismic separation decreases, the second-order effect becomes more and more problematic. Whatever the stand-off distance is, the displacements of the stiff structure do not substantially change.
Table 6‑3.  
Peak displacements in the 7th floor level for the different stand-off distance (MRF 1)
	Displacement (m)
	Without 
Pounding
	e = 0,0877 m
	e = 0,04 m
	e = 0,004 m

	Acc. 1
	Right
	0,093
	0,093
	0,054
	0,036

	
	Left
	-0,147
	-0,154
	-0,170
	-0,160

	Acc. 2
	Right
	0,169
	0,118
	0,079
	0,046

	
	Left
	-0,119
	-0,172
	-0,218
	-0,198

	Acc. 3
	Right
	0,124
	0,107
	0,071
	0,050

	
	Left
	-0,159
	-0,155
	-0,144
	-0,152


Table 6‑4.  
Peak displacements in 7th floor level f of the W 1 for the different stand-off distance
	Displacement (m)
	Without 

Pounding
	e = 0,0877 m
	e = 0,04 m
	e = 0,004 m

	Acc. 1
	Right
	0,044
	0,042
	0,036
	0,032

	
	Left
	-0,035
	-0,036
	-0,035
	-0,029

	Acc. 2
	Right
	0,037
	0,037
	0,039
	0,042

	
	Left
	-0,042
	-0,042
	-0,047
	-0,043

	Acc. 3
	Right
	0,034
	0,034
	0,036
	0,046

	
	Left
	-0,047
	-0,045
	-0,048
	-0,051


Figure 6‑9 shows the evolution of the displacement of each structure during accelerogram 2 in the case of a stand-off distance equal to 0,04 m and without pounding. Already after the first hit, which may induce only moderate impact force, the structures rebound in opposite direction so much that they might not be able to come into contact again.
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Figure 6‑9. 
Evolution of the top displacement of MRF 1 and W 1 during accelerogram 2
Due to the biased response of a non-elastic structure, the behaviour of two structures pounding each other may not be similar when we switch the structures or when we change the sign of the accelerogram. For example, with a stand-off equal to 0,04 m between MRF 1 and W 1, the results of pounding under the accelerogram 2 are extremely different when the acceleration is a2(t) or – a2(t). If the structures tend without pounding to oscillate in opposite direction, which is the case for         -a2(t), then pounding does not have a great effect on the permanent displacement, see Figure 6‑12 and Figure 6‑13. Whereas, if the structure without pounding tends to oscillate in the direction of the adjacent one, MRF 1 submitted to a2(t), then pounding causes great amplification of the permanent displacement, see Figure 6‑10 and Figure 6‑11.
[image: image153.emf]Acceleration=a

2

(t) for MRF 1

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

0 5 10 15 20 25 30 35 40

Time (sec)

Displacement (m)

Wo Pounding

e=0.04 m


Figure 6‑10. 
Permanent displacement in MRF 1 subjected to accelerogram 2 (a2(t))
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Figure 6‑11. 
Permanent displacement in W 1 subjected to accelerogram 2 (a2(t))
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Figure 6‑12.
Permanent displacement in MRF 1 subjected to accelerogram 2 (-a2(t))
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Figure 6‑13.
Permanent displacement in W 1 subjected to accelerogram 2 (-a2(t))
Table 6‑5.  
Permanent displacements observed for both structures

	Permanent displacement (m)
	Without Pounding
	e=0,04 m

	
	MRF 1
	W 1
	MRF 1
	W 1

	acceleration = a2(t)
	0,0203
	-0,0008
	-0,0807
	0,0022

	acceleration = - a2(t)
	-0,0203
	0,0008
	-0,0148
	0,0017


The pounding increases the maximum shear forces in the columns. If buildings have not enough separation to prevent pounding, they have to resist to the amplification of shear action effect. Otherwise, a shear failure in columns (brittle nature) could be observed and cause the failure of the complete structure.

Maximum and minimum values of the shear forces in columns adjacent of the pounding surface in the frame system are reported in Figure 6‑14. An important point to notice is that forces do not always increase as the gap size decreases. However, diminishing the separation might be destructive due to the number of impact, even if the maximum forces diminish. 
Table 6‑6 shows that, due to pounding, brittle failure of columns is observed in MRF 1 when the structure is adjacent to W 1 with a stand-off distance equal to 0,08 m and 0,04 m. The action effects in columns of the stiff building (W 1) during pounding are not substantially affected by the value of the gap separation. However, the basic reaction of the core of this system can increase of around 30 percent.
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Figure 6‑14.
Maximum and minimum shear forces in each storey of the MRF 1.
Table 6‑6. 
Comparison of shear forces and resistance of columns pounded (MRF 1)
	MRF 1
	VEd/VRd

	Storey
	No Pounding
	e = 0,0877 m
	e = 0,04 m
	e = 0,004 m

	7
	0,42
	0,47
	0,55
	0,55

	6
	0,63
	0,72
	0,72
	0,57

	5
	0,76
	0,95
	0,75
	0,67

	4
	0,84
	1,15
	0,93
	0,65

	3
	0,96
	1,17
	1,06
	0,67

	2
	0,99
	1,29
	1,18
	0,78

	1
	0,58
	0,64
	0,69
	0,58


In the case of a stand-off distance equal to 0,0877 m, structures are pounding each other only in the seventh and sixth floor levels. The maximum impact force is much greater in the seventh floor level than in the sixth one: 1107 kN in the sixth floor level and 2349 kN in the seventh floor level (Table 6‑7). To have an idea of the forces concerned, they are compared to the design seismic base shear. The impact force in the seventh floor level is about 3,5 times the base shear of the frame system and 2,3 times that of the dual system.

Table 6‑7.  
Impact forces between MRF 1 and W 1 for each stand-off distance considered

	
	Impact Forces in kN

	Storey 
	e=0,0877 m
	e=0,04 m
	e=0,004 m

	7
	2349
	2532
	3363

	6
	1107
	2383
	2751

	5
	0
	1663
	2117

	4
	0
	298
	1523

	3
	0
	0
	1181

	2
	0
	0
	736 

	1
	0
	0
	0


Figure 6‑15 clearly shows that the duration of the pounding is very short, less than 1/10th of a second. Pounding is a severe condition that could result in high magnitude and short duration spikes. Great amplifications in the accelerations in the buildings are observed. Theses accelerations can cause damage to the contents of the building. These peaks take place within a very short-time duration (see Figure 6‑16). The induced displacements in the structure, due to pounding and, consequently, to the stresses produced in the columns, are not directly affected by these acceleration peaks because the impulses are of a very short duration and are resisted by the inertia of the slabs. These peak accelerations, however, are believed to affect the equipment and the secondary elements of short natural period at the level where pounding takes place. These observations are similar to those of Papadrakakis [1995]. 
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Figure 6‑15.
Impact forces in the seventh floor level for accelerogram 3
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Figure 6‑16.
Acceleration during accelerogram 3 at the top of MRF 1
Table 6‑33 summarizes the pounding effects observed for each stand-off distance studied between MRF 1 and W 1.
6.2.3.2 Second numerical model (MRF 1 & MRF 5)
The second case under consideration is pounding between two moment resisting frames. Two 7-storey frame structures were designed under a peak ground acceleration of 0,4g according to EC 2 and EC 8 in Ductility Class Medium (DCM) criteria. Three stand-off distances are chosen: 0,08 m, 0,04 m and 0,004m. 
Figure 6‑17 represents the deformed shape without pounding of both structures at the end of accelerogram 1. MRF 1 and MRF 5 are respectively situated at the left and at the right of the figure.
One highlight thing to say is that for the accelerogram number 3, the seismic gap, which is defined as the minimum distance to avoid pounding, deduced from the analysis is 0,039 m. The relatively small stand-off distance to avoid pounding is consistent with the small difference in periods of the structures. Therefore, unlike in the case of accelerogram 1 and 2, the stand-off distance of 0,08 m does not generate pounding during the accelerogram 3. This observation leads to attire the attention of using at least 3 accelerogram due to the effect of a particular one. In order to have "general" review of pounding effect, a new accelerogram, accelerogram 4 represented at Figure 6‑18, is used instead of accelerogram 3 when the stand-off distance is 0,08 m.
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Figure 6‑17.
Deformed shape at the end of accelerogram 1 for structures MRF 1 and MRF 5
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Figure 6‑18.
Accelerogram 4

Figure 6‑19 shows the maximum displacement for each storey of MRF 1. As expected the displacement at the side of pounding decrease with the stand-off distance and increase in opposite direction. The risk in this case is, like in the previous one, the collapse of the structure due to excessive P-∆ effect or damage to secondary element due to excessive interstorey drift. Even if the coefficient θ increases, it is still, for each case considered, under the limit θ=0,10 recommended by Eurocode 8. However, the coefficient θ is not close to the limit in the case of no pounding. Otherwise, the limit θ=0,10 would be probably exceeded with pounding. The interstorey drifts are smaller than the limit under consideration. Another remarkable result is that the peak displacement with e=0,04 m is greater than with e=0,004m. The evolution of the displacement (Figure 6‑21 and Figure 6‑22) for each stand-off distance shows clearly these results. 
Figure 6‑21 and Figure 6‑22 show respectively for the MRF 1 system and MRF 5 system the evolution of top displacement with time. Unlike in the first case studied (MRF 1-W 1), no general behaviour can be drawn about the displacement of both structures.
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Figure 6‑19.
Maximum displacement of MRF 1 for each storey and stand-off distance
Figure 6‑20 shows the maximum displacement for each storey of MRF 5. 
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Figure 6‑20.
Maximum displacement of MRF 5 for each storey and stand-off distance 
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Figure 6‑21.
Evolution of the top displacement of MRF 1 during accelerogram 1
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Figure 6‑22.
Evolution of the top displacement of MRF 5 during accelerogram 1

Maximum values of the shear action effects in columns adjacent to the pounding surface in MRF 1 and MRF 5 are reported at Figure 6‑23 and Figure 6‑24 respectively. Insufficient stand-off distance produces, for nearly each storey and distance considered, an increase in shear forces. 
Table 6‑35 presents the comparison between action effects and resistances. The shear forces in columns of storey 2 of MRF 1 exceed the resistance and cause a brittle failure.
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Figure 6‑23.
Maximum shear forces in each storey of the MRF 1
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Figure 6‑24.
Maximum shear forces in each storey of the MRF 5
Table 6‑8.  
Comparisons of the shear forces and shear resistance in the MRF 1 system
	MRF 1
	VEd/VRd

	Storey
	No Pounding
	e = 0,08 m
	e = 0,04 m
	e = 0,004 m

	7
	0,39
	0,40
	0,40
	0,43

	6
	0,61
	0,66
	0,57
	0,60

	5
	0,72
	0,77
	0,71
	0,77

	4
	0,79
	0,82
	0,88
	0,77

	3
	0,89
	0,96
	0,95
	0,85

	2
	0,97
	1,02
	1,09
	0,98

	1
	0,41
	0,43
	0,49
	0,37


Table 6‑9.  
Comparisons of the shear forces and shear resistance in the MRF 5 system
	MRF 5
	VEd/VRd

	Storey
	No Pounding
	e = 0,08 m
	e = 0,04 m
	e = 0,004 m

	7
	0,31
	0,32
	0,32
	0,34

	6
	0,56
	0,56
	0,56
	0,60

	5
	0,61
	0,63
	0,57
	0,63

	4
	0,72
	0,71
	0,71
	0,73

	3
	0,85
	0,83
	0,91
	0,90

	2
	1,00
	1,00
	0,99
	0,91

	1
	0,42
	0,41
	0,43
	0,43


The maximum impact forces of each storey are reported at Table 6‑10 for each stand-off distance considered. The value does not change a lot in each storey of one stand-off distance. Unlike in the previous example (MRF 1 – W 1), the pounding forces are in the order of the base shear reaction.
Table 6‑10.  
Impact forces between MRF 1 and MRF 5 for each stand-off distance considered

	
	Impact Forces in kN

	Storey 
	e=0,08 m
	e=0,04 m
	e=0,004 m

	7
	836
	1010
	925

	6
	0
	1121
	744

	5
	0
	1012
	714

	4
	0
	0
	826

	3
	0
	0
	775

	2
	0
	0
	518

	1
	0
	0
	0


Peaks accelerations are observed in both buildings. No general tendency can be deduced on whether these peaks increase or not as the stand-off distance decreases. 

Table 6‑33 summarizes the pounding effects observed for each stand-off distance studied between MRF 1 and MRF 5.
6.2.3.3 Third numerical model (MRF 6 & MRF 5)

In this part of the work, the MRF 6 and MRF 5 system are supposed to hit each other. The MRF 6 structure is about twice heavier than structure MRF 5.
Three stand-off distances (0,10m; 0,04m and 0,004m) and one PGA (ag=0,4g) are studied. The deformed shapes at the end of accelerogram 1 of both structures studied without pounding are presented at Figure 6‑25. MRF 6 and MRF 5 are respectively situated to the left and to the right of the figure. 
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Figure 6‑25.
Deformed shape at the end of accelerogram 1 for structures MRF 6 and MRF 5
Table 6‑11 shows the maximum displacement obtained with each accelerogram. The evolution of displacements during accelerogram 3 is presented for MRF 6 and MRF 5 at Figure 6‑26 and Figure 6‑27 respectively. Pounding causes, as expected, a decrease of the displacements situated at the side of pounding for both system. The displacements at the side opposite to pounding of MRF 6 and MRF 5 increase as the stand-off distance decreases. The subsequent P-∆ effect and damage limitation are verified and do not cause any problems. 
Table 6‑11.  
Maximum top displacements for MRF 6 and MRF 5
	Displacement (m)
	Without pounding
	e=0,10 m
	e=0,04 m
	e=0,004 m

	
	Left
	Right
	Left
	Right
	Left
	Right
	Left
	Right

	MRF 6
	Acc. 1
	-0,149
	0,152
	-0,168
	0,140
	-0,196
	0,114
	-0,187
	0,112

	
	Acc. 2
	-0,235
	0,129
	-0,235
	0,129
	0,227
	0,114
	-0,214
	0,114

	
	Acc. 3
	-0,058
	0,242
	-0,101
	0,222
	-0,115
	0,187
	-0,163
	0,164

	MRF 5
	Acc. 1
	-0,175
	0,078
	-0,169
	0,066
	-0,161
	0,079
	-0,144
	0,108

	
	Acc. 2
	-0,139
	0,118
	-0,139
	0,118
	-0,101
	0,119
	-0,094
	0,137

	
	Acc. 3
	-0,086
	0,171
	-0,086
	0,168
	-0,083
	0,168
	-0,097
	0,174


[image: image169.emf]-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Time (sec)

Displacement (m)

Wo Pounding

e=0,10 m

e=0,04 m

e=0,004 m


Figure 6‑26.
Evolution of the top displacement of MRF 6 during accelerogram 3
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Figure 6‑27.
Evolution of the top displacement of MRF 5 during accelerogram 3
Maximum and minimum values of the shear forces in columns adjacent of the pounding surface in both structures are reported in Figure 6‑28. Like found previously, shear action effects do not always increase as the gap size decreases. Whatever the stand-off distance is, pounding causes an increase in the shear action effect.

Table 6‑12 shows that, due to pounding, brittle failure of columns is observed in MRF 5 when the structure is adjacent to MRF 6 with a stand-off distance equal to 0,04 m and 0,004 m.
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Figure 6‑28.
Maximum and minimum shear forces in each storey of the MRF 6
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Figure 6‑29.
Maximum and minimum shear forces in each storey of the MRF 5 system

Table 6‑12.  
Comparison of shear forces and resistance of columns pounded (MRF 6 & MRF 5)

	MRF 6
	VE/VRd
	MRF 5
	VEd/VRd

	Storey
	Without 

pounding
	e=0,10 m
	e=0,04 m
	e=0,004 m
	Storey
	Without 

pounding
	e=0,10 m
	e=0,04 m
	e=0,004 m

	7
	0.40
	0.40
	0.40
	0.39
	7
	0.31
	0.34
	0.49
	0.48

	6
	0.58
	0.67
	0.61
	0.54
	6
	0.56
	0.60
	0.64
	0.64

	5
	0.56
	0.65
	0.84
	0.71
	5
	0.64
	0.67
	0.68
	0.71

	4
	0.65
	0.76
	0.67
	0.73
	4
	0.80
	0.77
	0.73
	0.81

	3
	0.77
	0.83
	0.79
	0.71
	3
	0.89
	0.89
	0.91
	0.89

	2
	1.00
	1.00
	0.99
	0.95
	2
	0.92
	0.97
	1.15
	1.06

	1
	0.54
	0.55
	0.56
	0.53
	1
	0.41
	0.49
	0.62
	0.49


The maximum impact forces of each storey are reported at Table 6‑13 for each stand-off distance considered. The number of storeys pounded increase as the stand-off distance decrease. The pounding forces are in the order of the base shear reaction.
Table 6‑13.  
Impact forces between MRF 6 and MRF 5 for each stand-off distance considered

	
	Impact forces in kN

	Storey
	e=0,10 m
	e=0,04 m
	e=0,004 m

	7
	1092
	1325
	1676

	6
	347
	1009
	1607

	5
	0
	731
	1065

	4
	0
	563
	752

	3
	0
	0
	749

	2
	0
	0
	383

	1
	0
	0
	0


As previously found, great amplifications in the accelerations in the buildings are observed (Table 6‑14). 

Table 6‑14.  
Maximum top storey accelerations in MRF 6 and MRF 5
	Maximum 
accelerations (m/s²)
	Without pounding
	e=0,10 m
	e=0,04 m
	e=0,004 m

	MRF 6
	Accelerogram 1
	8
	17
	18
	21

	
	Accelerogram 2
	8
	23
	35
	38

	
	Accelerogram 3
	8
	25
	16
	21

	MRF 5
	Accelerogram 1
	14
	17
	37
	47

	
	Accelerogram 2
	10
	15
	29
	37

	
	Accelerogram 3
	10
	19
	31
	30


Table 6‑33 summarizes the pounding effects observed for each stand-off distance studied between MRF 6 and MRF 5.

6.2.4 Effect of mitigation

For the three cases under consideration (MRF 1 – W 1; MRF 1 – MRF 5 and MRF 6 – MRF 5), various types of links between the structures have been tested :
· the first kind acts in tension and compression but has no resistance in bending; it is a hinge-ended beam ;
· the second one is composed of a spring and a dashpot in series. It models the effect of a fluid viscous damper ;
· the last one is also a spring and a dashpot but placed in parallel. This model is used to represent a viscoelastic link. 
6.2.4.1 Hinge-ended beams between MRF 1 and W 1
To reduce the problematic effect of shear action in columns of MRF 1 pounded by W 1, hinge-ended beams is studied as connectors (Figure 6‑30). It connects each storey of the two buildings. To estimate the needed stiffness of connectors, the stiffness of both buildings (kbs) has been evaluated by applying a concentred forces (Fbs) at the top storey (Figure 6‑31). The stiffness of MRF 1 is approximately equal to 7000 kN/m and 50 000 kN/m for W 1. To show the influence of the stiffness of the connectors, three stiffnessess of the spring (kc=50 000 kN/m, kc=10 000 kN/m and kc=5000 kN/m) are tested for the most problematic stand-off distance: 0,0877 m.
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Figure 6‑30.
Hinge-ended links between MRF 1 and W 1
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Figure 6‑31.
Evaluation of the stiffness of buildings
Using hinge-ended beam connectors of kc=50 000 kN/m lead to excessive rotations in beams of the dual system (W 1). This excessive demand stops the analysis before the 15 seconds of accelerogram 3. Figure 6‑32, Figure 6‑33, Table 6‑15 and Table 6‑16 show respectively the top displacement of MRF 1 and W 1 during the accelerogram 2 and the maximum and minimum top displacement obtained for each accelerogram. As the stiffness of the connectors increase, the displacements of MRF 1 and W 1 situated at the side of pounding respectively decrease and increase. The hinge-ended beams force the structures to behave as only one, which is an intermediate between MRF 1 and W 1. 
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Figure 6‑32.
Evolution of the top displacement of MRF 1 during the accelerogram 2
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Figure 6‑33.
Evolution of the top displacement of W 1 during the accelerogram 2

Table 6‑15.  
Maximum and minimum displacement at the top of MRF 1
	Displacement (m) 

MRF 1
	Without 
pounding
	e=0,0877 m
	links
	links
	links

	
	
	
	kc =50 000 kN/m
	kc =10 000 kN/m
	kc =5000 kN/m

	Acc1
	Max
	0,0927
	0,0933
	0,0732
	0.1424
	0,1297

	
	Min
	-0,1474
	-0,1537
	-0,0834
	-0.0981
	-0,1323

	Acc2
	Max
	0,1692
	0,1180
	0,0639
	0.1159
	0,1266

	
	Min
	-0,1186
	-0,1725
	-0,0876
	-0.1049
	-0,1280

	Acc3
	Max
	0,1239
	0,1068
	0,0788
	0.1093
	0,1342

	
	Min
	-0,1186
	-0,1549
	-0,0732
	-0.1144
	-0,1280


Table 6‑16.  
Maximum and minimum displacement at the top of W 1

	Displacement (m) 

W 1
	Without 

pounding
	e=0,0877 m
	links
	links
	links

	
	
	
	kc =50 000 kN/m
	kc =10 000 kN/m
	kc =5000 kN/m

	Acc1
	Max
	0,0441
	0,0417
	0,0685
	0.0830
	0,0432

	
	Min
	-0,0354
	-0,0357
	-0,0773
	-0.0553
	-0,0468

	Acc2
	Max
	0,0369
	0,0369
	0,0585
	0.0722
	0,0409

	
	Min
	-0,0418
	-0,0421
	-0,0808
	-0.0630
	-0,0381

	Acc3
	Max
	0,0343
	0,0337
	0,0753
	0.0647
	0,0561

	
	Min
	-0,0418
	-0,0453
	-0,0684
	-0.0657
	-0,0381


Table 6‑17 shows the fundamental period of vibration for the connected structures. As expected, the link period is between the fundamental one of MRF 1 and W 1 and increase as the stiffness of the links decrease. 
Table 6‑17.  
Fundamental period observed with each hinge-ended link studied

	
	Without pounding
	kc=50 000 kN/m
	kc=10 000 kN/m
	kc=5 000 kN/m

	
	MRF 1
	W 1
	
	
	

	Fundamental period [sec]
	0,937
	0,329
	0,468
	0,537
	0,607


The hinge-ended beams do not induce problems with the damage limitation or the P-∆ effect. In fact, the problem induced by pounding is not on the displacement but on the shear action effects, which are higher than the shear resistance in some storey of the MRF 1 system. Table 6‑18 compares the shear action effect and the shear resistance of the MRF 1 columns situated on the side of pounding. The reconnection realised with kc=50 000 kN/m eliminates the problems of shear failure. Only one storey, the second, remains problematic when kc=5 000 kN/m. Table 6‑19 shows the increase of the shear in the wall when W 1 is connected by hinge-ended beams to the MRF 1. However, the shear action effect is still lower than the shear resistance of the wall.
Table 6‑18.  
Comparison of the shear action effect and the shear resistance in MRF 1
	VEd/VRd
	Without

Pounding
	e=0,0877 m
	links
	links
	links

	Storey
	
	
	kc =50 000 kN/m
	kc =10 000 kN/m
	kc =5000 kN/m

	7
	0,42
	0,47
	0,44
	0,38
	0,42

	6
	0,63
	0,72
	0,57
	0,58
	0,56

	5
	0,76
	0,95
	0,61
	0,75
	0,95

	4
	0,84
	1,15
	0,58
	0,86
	1,01

	3
	0,96
	1,17
	0,58
	0,84
	0,94

	2
	0,99
	1,29
	0,63
	1,00
	1,10

	1
	0,58
	0,64
	0,32
	0,55
	0,61


Table 6‑19.  
Shear action effect on wall of W 1 system

	Wall of W 1
	Storey 7
	Storey 6
	Storey 5
	Storey 4
	Storey 3
	Storey 2
	Storey 1

	(VEd With pounding) /(VEd WO Pounding)
	max
	0,86
	0,89
	0,93
	0,99
	1,02
	1,11
	1,13

	
	min
	1,21
	0,97
	0,95
	0,99
	1,00
	1,03
	1,03

	(VEd kc=5000 kN/m) /(VEd WO Pounding)
	max
	0,75
	0,86
	0,94
	1,03
	1,07
	1,06
	0,99

	
	min
	1,01
	1,08
	1,21
	1,26
	1,25
	1,21
	1,12

	(VEd kc=10 000 kN/m) /(VEd WO Pounding)
	max
	1,11
	1,16
	1,26
	1,35
	1,39
	1,36
	1,27

	
	min
	1,02
	1,39
	1,72
	1,73
	1,72
	1,66
	1,51

	(VEd kc=50 000 kN/m) /(VEd WO Pounding)
	max
	1,41
	1,42
	1,51
	1,63
	1,69
	1,67
	1,54

	
	min
	0,8
	1,08
	1,41
	1,5
	1,53
	1,51
	1,41


Another result to mention is that the reconnection with hinge-ended beams counteracts the peak accelerations observed in pounding case.
Like done by Plumier et al. [2005], the long rods Dywidag bars can be chosen. The maximum design yield connections of both connectors, 50 000 kN/m and 5 000 kN/m, are around 500 kN. Practically, 1 Φ 29 Dywidag grade 900/1030 having a yield load of 594 kN can be used. The length of the bar is determined by k=EA/l. The yield displacement equal to 0,0132 m is deduced from a length of 3 m of bars and εy=0,44%. These ones are selected because they are provided with a special type of thread, which does not create stress concentrations in the bars, so that the rod connections are more resistant than the bars themselves; this "capacity design" was retained to prevent failure in the rod in case some yielding would take place in those rods. The design of the section is such that there should not be such yielding, but this capacity design concept was thought necessary to mitigate the uncertainties of the analysis.
Using hinge-ended beams with stiffness equal to 5000 kN/m improves globally the behaviour of the system but the stiffness is not high enough to preclude totally pounding. The case with kc=50000 kN/m imposes excessive rotations in beams of the dual system. Using hinge-ended beams with stiffness equal to 10 000 kN/m is the best stiffness tested because the shear action effects in the MRF 1 system and the accelerations peaks are reduced. A special attention is needed to the shear action effects in the wall of the W 1 system, which increase due to the links. This method penalizes one of the structures in favour of the other by transferring seismic demands between structures, which may exceed the capacity of the existing lateral system in any of them. This might require additional retrofits to this lateral resisting system.
6.2.4.2 Fluid viscous dampers between MRF 1 and W 1
Several authors have proposed optimum parameters of different devices to mitigate the pounding problem. For example, Zhu and Xu [2005] proposed optimum parameters for fluid viscous dampers modelised by a Maxwell model used to link two adjacent structures (S.D.O.F. system). Two criteria are proposed, minimizing the averaged vibration energy of either one structure or the two adjacent structures. Their proposed method is tested for MRF 1 connected to W 1. A fluid viscous damper with the values proposed by Zhu and Xu is placed between each storey of MRF 1 and W 1. Both conditions are studied for a stand-off distance of 0,0877m and 0,04m. 

	Value of the parameters
	Criterion 1
	Criterion 2

	Stiffness of the spring (kc) [kN.m-1]
	77936
	114819

	Damping coefficient (cc) [kN.sec.m-1]
	4974
	3283


Due to convergence problem, each computation stopped before the end of the accelerogram. This is probably due to excessive ductility demands on the beams of the W 1 system (Figure 6‑34). For both stand-off distance and criteria considered, the displacements of W 1 increase and the displacements of MRF 1 decrease in comparison with the pounding case. The evolutions of displacement in both structures during the accelerogram 2 are presented at Figure 6‑35 and Figure 6‑36. The number of cycles is also modified in both structures due to the frequency change. 
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Figure 6‑34.
Deformed shape at the end (4,625 sec) of computed accelerogram 3
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Figure 6‑35.
Evolution of displacement at top storey of MRF 1 during accelerogram 2 when connected with F.V.D. to W 1 system
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Figure 6‑36.
Evolution of displacement at top storey of W 1 during accelerogram 2 when connected with F.V.D. to MRF 1 system
Regarding the shear action effects on columns of the moment resisting frame systems (Figure 6‑37), the fluid viscous dampers prevent the brittle failure. An essential result is the increase (Table 6‑20) of the shear action effect in the wall of the W 1 system. This result is also found for the hinge-ended beams but with a higher increase.
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Figure 6‑37.
Shear action effect on columns located on the side if pounding for MRF 1 system

Table 6‑20.  
Shear action effect of the wall in the W 1 system

	VEd(kN)
	Storey 7
	Storey 6
	Storey 5
	Storey 4
	Storey 3
	Storey 2
	Storey 1

	e=0,0877m
	467
	1134
	1568
	1899
	2140
	2575
	2928

	
	-934
	-1278
	-1420
	-1796
	-2086
	-2369
	-2638

	FVD criterion 2
	631
	1536
	2151
	2598
	2883
	3060
	1919

	
	-570
	-1456
	-2112
	-2660
	-3102
	-3385
	-2093

	Difference in %
	35
	35
	37
	37
	35
	19
	-34

	
	-39
	14
	49
	48
	49
	43
	-21


Using fluid viscous dampers as connectors completely counteract the accelerations peaks observed when MRF 1 pound W 1.

In summary, for a stand-off distance equal to 0,0877m or 0,04m and for both criteria proposed by Zhu and Xu, the fluid viscous dampers improve the behaviour of the moment resisting frame system to the detriment of the dual system. The stiffnessess of the spring used to model the fluid viscous dampers are too high. Therefore, the effects of this connection are almost the same as a rigid link. Decreasing the stiffness and maybe increasing the damping properties could certainly improve the behaviour of the coupled system. This problem is due to the fact that the values proposed by Zhu and Xu are based on the studied of a SDOF system and used here for each storey. Another possible solution to use the properties proposed by the analytical solution could be to divide the proposed properties by the number of storeys connected. 
Because the relative displacement and velocity in the lower storeys are smaller than in the upper ones, a proposed solution could hence be to place four fluid viscous dampers in the fourth upper storeys having the defined properties based on Zhu and Xu divided by four. The criterion 2 is tested because it is defined to minimize the energy of both systems and the properties are closed to the ones of the first criterion.
	MDOF
	kc (kN/m)
	cc (kN.sec/m)

	Criterion 2

(4 storeys)
	114819/4 =28705
	3283/4 =821


The models show that the rotation ductility demands increase in beams of W 1 to the detriment of the ones in MRF 1 but stay in an admissible zone. 
Figure 6‑38 and Figure 6‑39 show the evolution of the top displacement in both structures during accelerogram 2. The displacement of MRF 1 is smaller than in the case of pounding; whereas, the displacement of W 1 is slightly higher. 
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Figure 6‑38.
Evolution of displacement at top storey of MRF 1 during accelerogram 2 when connected with F.V.D. in 4 storeys
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Figure 6‑39.
Evolution of displacement at top storey of W 1 during accelerogram 2 when connected with F.V.D. in 4 storeys
Figure 6‑40 and Table 6‑21 represent the shear action effect observed in the MRF 1 and W 1 system. The shear action effects in the MRF 1 columns connected by these fluid dampers are lower than the shear resistance. As found with the previous fluid dampers properties, the shear action effect in the wall of the W 1 system increase (in comparison with the case of pounding) but less than found previously. 
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Figure 6‑40.
Shear action effect on columns located on the side if pounding for MRF 1 system connected by F.V.D. 4 storeys
Table 6‑21.  
Shear action effect of the wall in the W 1 system connected by F.V.D. 4 storeys
	VEd(kN)
	Storey 7
	Storey 6
	Storey 5
	Storey 4
	Storey 3
	Storey 2
	Storey 1

	e=0,0877m
	467
	1134
	1568
	1899
	2140
	2575
	2928

	
	-934
	-1278
	-1420
	-1796
	-2086
	-2369
	-2638

	kc=28 705 kN/m and cc=821 kN.sec/m
	461
	1148
	1588
	1938
	2183
	2387
	2496

	
	-554
	-1369
	-1918
	-2339
	-2657
	-2875
	-3003

	Difference in %
	-1
	1
	1
	2
	2
	-7
	-15

	
	-41
	7
	35
	30
	27
	21
	14


Introducing the supplemental damping devices between frames reduced the floor acceleration significantly to a level comparable to the condition of frames with a large gap where no colliding occurs.
With a fluid dampers of kc=28705 kN/m and cc=821 kN.sec/m, the reconnection solve the problem of pounding in the MRF 1 and W 1 systems if the increase observed in the wall of W 1 is acceptable.

Table 6‑34 summarizes the effects of the different ways of mitigation tested for pounding between MRF 1 and W 1.

6.2.4.3 Viscoelastic dampers between MRF 1 and W 1
Beside the hinge-ended beams and the fluid viscous dampers, viscoelastic dampers based on Zhu and Iemura [2000], is tested. The connectors consist of a viscous damper and an elastic spring connected in parallel. Two properties are tested:

	SDOF
	kc (kN/m)
	cc (kN.sec/m)

	Properties 1
	10848
	2292

	Properties 2
	0
	2232


The optimization condition for the properties 1 and properties 2 are respectively to minimize the total energy of the W 1 system and the total energy of the MRF 1 – W 1 system. With the results found for a fluid viscous damper used as connector, the properties determined by Zhu and Iemura are directly divided by the number of connectors used. For the case of MRF 1 pounded by W 1, one connector is placed in each four upper storeys. 
	MDOF
	kc (kN/m)
	cc (kN.sec/m)

	Properties 1 (4 storeys)
	10848/4 = 2712
	2292/4 = 573

	Properties 2 (4 storeys)
	0
	2232/4 = 558


No substantial differences are observed in both properties. The rotation ductility demand decrease in the beams of MRF 1 system and only slightly increase in the beams of W 1. 
As shown in Figure 6‑41, the displacements of the MRF 1 system tend to decrease whereas those of the W 1 increase. This effect counteracts completely the problem of P-∆ effect, which could appear due to pounding.
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Figure 6‑41.
Maximum displacement for each storey of MRF 1 and W 1 connected by a viscoelastic damper
Table 6‑22 shows that, with both viscoelastic dampers, the shear action effect in columns of MRF 1 pounded by W 1 is now smaller than the shear resistance. The shear action effects in the W 1 system increase but stay smaller than the values obtained when the links used are hinged ones (Table 6‑23).
Table 6‑22.  
Comparison of shear action effects and shear resistances of columns of MRF 1 when connected or not to W 1

	MRF 1
	VEd/VRd

	Storey
	Without 
pounding
	e = 0.0887 m
	kc=0 kN/m; 
cc=558 kN.sec/m
	kc=2712 kN/m; 
cc=573 kN.sec/m

	7
	0,42
	0,47
	0,34
	0,31

	6
	0,63
	0,72
	0,37
	0,39

	5
	0,76
	0,95
	0,50
	0,53

	4
	0,84
	1,15
	0,58
	0,63

	3
	0,96
	1,17
	0,66
	0,78

	2
	0,99
	1,29
	0,78
	0,93

	1
	0,58
	0,64
	0,39
	0,48


Table 6‑23.  
Comparison of shear action effect and resistance of W 1, connected or not to MRF 1
	Wall of W 1
	Storey 7
	Storey 6
	Storey 5
	Storey 4
	Storey 3
	Storey 2
	Storey 1

	(VEd With pounding)

/(VRd WO Pounding)
	max
	0,86
	0,89
	0,93
	0,99
	1,02
	1,11
	1,13

	
	min
	1,21
	0,97
	0,95
	0,99
	1,00
	1,03
	1,03

	(VEd Prop. 1)

/(VRd WO Pounding)
	max
	0,82
	0,80
	0,94
	0,99
	0,99
	0,96
	0,91

	
	min
	0,69
	0,83
	1,21
	1,24
	1,16
	1,11
	1,04

	(VEd Prop. 2)

/(VRd WO Pounding)
	max
	0,81
	0,87
	0,92
	0,99
	0,96
	0,93
	0,88

	
	min
	0,71
	1,02
	1,27
	1,29
	1,20
	1,15
	1,07


As found for the previous links studied, using viscoelastic dampers completely counteract the accelerations peaks observed when MRF 1 pound W 1.
6.2.4.4 Hinge-ended beams between MRF 1 and MRF 5

To reduce the problematic shear action effect in columns of MRF 1 pounded by MRF 5, hinge-ended beams are proposed. They are placed between each storey of the buildings. The stiffness of connectors is estimated by two methods. First, the stiffness of both buildings has been evaluated by applying a concentred forces at the top of each buildings, like done previously for MRF 1 pounded by W 1. The stiffness of MRF 1 is approximately equal to 7000 kN/m and 8000 kN/m for MRF 5. The second method is based on the simple formula of the fundamental period in a SDOF:
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This formula gives kMRF 1≈20 300 kN/m and kMRF 5≈23 570 kN/m.
To show the influence of the property of the connectors, four stiffnessess of the spring (kc=80000 kN/m; kc=8000 kN/m, kc=4000 kN/m and 23 570 kN/m) are tested for the most problematic stand-off distance, 0,04 m.
The maximum displacements of MRF 1 when connected with hinge-ended beams (Figure 6‑42) are always lower than the displacements obtained when pounding occurs. On contrary, the displacements in MRF 5 (Figure 6‑43) increase in the case of a connected system. As observed previously, the hinge-ended beams force the structures to behave as only one, which is an intermediate between MRF 1 and MRF 5 (Table 6‑24). However, these increases of displacements do not create problems with either P-∆ effects or damage limitation.

[image: image187.emf]MRF 1

0

3

6

9

12

15

18

21

-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2

Displacement (m)

Height (m)

Without Pounding

e=0.04 m

kc=4 000 kN/m

kc=8 000 kN/m

kc=23 570 kN/m


Figure 6‑42.
Maximum and minimum displacement for each storey of MRF 1
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Figure 6‑43.
Maximum and minimum displacement for each storey of MRF 5
Table 6‑24.  
Fundamental period observed with each hinge-ended beam studied

	
	Without pounding
	kc=4 000 kN/m
	kc=8 000 kN/m
	kc=23 570 kN/m
	kc=80 000 kN/m

	
	MRF 1
	MRF 5
	
	
	
	

	Fundamental period [sec]
	0,937
	0,787
	0,862
	0,860
	0,858
	0,857


Figure 6‑44 and Table 6‑25 present the shear action effects observed in columns situated on the pounding side for both structures. The stiffness of 80 000 kN/m cannot be used to solve the pounding problem because it introduces shear action effect higher than shear resistance in the second storey of MRF 5.
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Figure 6‑44.
Maximum Shear action effect in MRF 1 and MRF 5 for each storey
Table 6‑25.  
Comparison shear action effect and shear resistance for MRF 1 connected with hinge-ended beams to MRF 5
	MRF 1
	VEd/VRd

	Storey
	Without

Pounding
	e = 0,04 m
	kc=4000 kN/m
	kc=8000 kN/m
	kc=23570 kN/m
	kc=80000 kN/m

	7
	0,39
	0,40
	0,41
	0,41
	0,41
	0,42

	6
	0,61
	0,57
	0,57
	0,59
	0,60
	0,59

	5
	0,72
	0,71
	0,74
	0,73
	0,71
	0,68

	4
	0,79
	0,88
	0,76
	0,78
	0,75
	0,73

	3
	0,89
	0,95
	0,90
	0,88
	0,83
	0,79

	2
	0,97
	1,09
	1,00
	0,96
	0,91
	0,86

	1
	0,41
	0,49
	0,38
	0,37
	0,36
	0,35


Table 6‑26.  
Comparisons shear action effect and shear resistance for MRF 5 connected with hinge-ended beams to MRF 1
	MRF 5
	VEd/VRd

	Storey
	Without

Pounding
	e = 0,04 m
	kc=4000 kN/m
	kc=8000 kN/m
	kc=23 570 kN/m
	kc=80 000 kN/m

	7
	0,31
	0,32
	0,32
	0,26
	0,33
	0,37

	6
	0,56
	0,56
	0,59
	0,52
	0,52
	0,55

	5
	0,61
	0,57
	0,66
	0,64
	0,61
	0,62

	4
	0,72
	0,71
	0,73
	0,75
	0,79
	0,83

	3
	0,85
	0,91
	0,90
	0,89
	0,92
	0,98

	2
	1,00
	0,99
	0,93
	0,91
	0,98
	1,02

	1
	0,42
	0,43
	0,47
	0,43
	0,49
	0,50


The last point to analyse is the forces present in the connectors (Table 6‑27). They are very small, except for the stiffness of 23 570 kN/m.
Table 6‑27.  
Maximum and minimum forces in the connectors of each storey

	Forces (kN)
	kc= 4000 kN/m
	kc= 8000 kN/m
	kc= 23570 kN/m

	7
	Max
	105
	72
	118

	
	Min
	-96
	-90
	-117

	6
	Max
	52
	54
	59

	
	Min
	-47
	-55
	-51

	5
	Max
	74
	56
	104

	
	Min
	-55
	-48
	-86

	4
	Max
	84
	68
	116

	
	Min
	-79
	-59
	-102

	3
	Max
	77
	64
	87

	
	Min
	-79
	-58
	-103

	2
	Max
	42
	54
	88

	
	Min
	-41
	-57
	-90

	1
	Max
	15
	21
	55

	
	Min
	-17
	-24
	-58


The peak accelerations observed when pounding occurs (Table 6‑28) disappear when the structures are connected with hinge-ended beams of 4000 kN/m or 8000 kN/m.
Table 6‑28.  
Maximum and minimum accelerations at the top storey of both structures

	Accelerations (m/s²)
	Without 
Pounding
	e=0,04 m
	kc= 4000 kN/m
	kc= 8000 kN/m
	kc= 23 570 kN/m

	MRF 1
	Acc 1
	Max
	14,04
	13,63
	13,82
	13,45
	11,88

	
	
	Min
	-8,24
	-8,98
	-7,30
	-8,61
	-9,99

	
	Acc 2
	Max
	10,04
	24,83
	8,20
	8,95
	10,03

	
	
	Min
	-9,38
	-10,35
	-9,61
	-10,32
	-10,37

	
	Acc 3
	Max
	11,69
	20,75
	9,92
	9,39
	9,86

	
	
	Min
	-9,99
	-10,84
	-10,45
	-9,56
	-8,98

	MRF 5
	Acc 1
	Max
	9,88
	11,24
	10,64
	11,23
	10,48

	
	
	Min
	-7,82
	-11,24
	-10,00
	-9,70
	-8,76

	
	Acc 2
	Max
	8,77
	8,70
	10,91
	10,54
	8,82

	
	
	Min
	-9,30
	-18,01
	-10,15
	-10,85
	-10,03

	
	Acc 3
	Max
	8,65
	8,74
	9,37
	10,01
	8,99

	
	
	Min
	-9,41
	-29,40
	-9,55
	-9,43
	-8,38


The three stiffnessess (4000 kN/m, 8000 kN/m and 23570 kN/m) are nearly equivalent for both structures. They diminish the shear action effect enough to avoid brittle failure in columns and reduce the peak accelerations. The only disadvantage is an increase in the displacement for the MRF 5 system. Fortunately, the displacement obtained with connected structures stayed in an admissible zone. The value of 4000 kN/m is preferred for the design of the link because it introduces smaller forces to the structures. 
Hinge-ended beams with stiffness equal to 4000 kN/m have been tested with a stand-off distance equal to 0,08 m. The results are not presented in details because the effects are the same. The connections mitigate completely the shear brittle failure of columns and the accelerations peaks. An increase in displacements of MRF 5 is observed but they stay admissible.

No significant problems were observed when the MRF 1 system hits the MRF 5 system due to an insufficient stand-off distance of 0,004m. However, connectors of 8000 kN/m have been tested to see if this type of connectors could still work in case of danger produces by pounding. The only notable difference is that, with this small stand-off distance, a higher stiffness is needed to preclude pounding between the structures. 
Table 6‑34 summarizes the effects of the different ways of mitigation tested for pounding between MRF 1 and MRF 5.
6.2.4.5 Hinge-ended beams between MRF 6 and MRF 5
To reduce the problematic effect of shear action in columns of MRF 5 pounded by MRF 6 situated at 0,04 m, two properties of hinge-ended beams are studied. They are placed between each storey of the buildings. Two methods are tested to estimate the needed stiffness of connectors. Firstly, a concentrated force is applied at the top of each building, like done for MRF 1 connected to W 1. The two structures are designed with the same stiffness that is, when defined by this method, equal to 8200 kN/m. 
Secondly, the stiffness is evaluated using the simple formula:
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The second method conducts to use a stiffness equal to 23 000 kN/m.
No substantial differences appear between these two properties. Even the forces in the links elements are almost the same (~ 200 kN). The only difference is the deformation observed in the links: 0,0087 m for kc=23 000 kN/m and 0,0244 m for kc=8 200 kN/m. These both deformations are under the limit of feasibility: the stand-off distance 0,04 m.

Like done by Plumier et al. [2005], the long rods Dywidag bars are chosen. For example, if the yield stress is 517 N/mm² and 1 Φ 25 is used then the yield strength is equal to 264 kN. This bar needs a length of 4,55 m to obtain a stiffness of 23 000 kN/m and 12,75 m to obtain the 8 200 kN/m stiffness. The practical feasibility leads to the use of hinge-ended beams with a stiffness of 23 000 kN/m.
The links force the structures to behave as only one. For both stiffnessess, the rotations of the beams in MRF 5 increase but stay in an admissible domain. There is no general conclusion for the displacements. The effects of the links depend on the structure and the accelerogram examined. However, connecting the structures does not introduce problems with interstorey drift or P-∆ effects.
Both stiffnesses completely counteract the effect of pounding on the shear action effect in the MRF 5 system without adversely affecting the MRF 6 structure (Table 6‑29) and the peak of accelerations observed when pounding occurs (Table 6‑30).
The case of a stand-off distance equal to e=0,10 m or e=0,004 m and hinge-ended beams of 23 000 kN/m is realised. Details results, almost the same as for e=0,04 m, are not presented in this work.
Table 6‑34 summarizes the effects of the different ways of mitigation tested for pounding between MRF 6 and MRF 5.
Table 6‑29.  
Comparison of the shear action effect and the shear resistance in both systems (MRF 6 & MRF 5) connected with hinge-ended beams
	VEd/VRd in MRF 6

	Without pounding
	e=0,04 m
	kc=8200 kN/m
	kc=23000 kN/m

	0,40
	0,40
	0,41
	0,35

	0,58
	0,61
	0,56
	0,52

	0,56
	0,84
	0,58
	0,56

	0,65
	0,67
	0,63
	0,63

	0,77
	0,79
	0,73
	0,72

	1,00
	0,99
	0,95
	0,88

	0,54
	0,56
	0,52
	0,49

	VEd/VRd in MRF 5

	Without pounding
	e=0,04 m
	kc=8200 kN/m
	kc=23000 kN/m

	0,31
	0,49
	0,34
	0,32

	0,56
	0,64
	0,63
	0,60

	0,64
	0,68
	0,69
	0,67

	0,80
	0,73
	0,79
	0,79

	0,89
	0,91
	0,85
	0,87

	0,92
	1,15
	0,90
	0,93

	0,41
	0,62
	0,42
	0,43


Table 6‑30.  
Maximum accelerations observed in top storey of MRF 6 and MRF 5 connected with the hinge-ended beams

	Maximum accelerations (m/s²)
	Without pounding
	e=0,04 m
	kc=8200 kN/m
	kc=23000 kN/m

	MRF 6
	8
	18
	8
	8

	
	8
	35
	10
	10

	
	8
	16
	10
	10

	MRF 5
	14
	37
	12
	10

	
	10
	29
	8
	7

	
	10
	31
	8
	8


6.2.4.6 Viscoelastic dampers between MRF 6 and MRF 5
Even if the hinge-ended beams counteract the effect of pounding, a dissipative connection, viscoelastic dampers based on Zhu and Iemura [2000] are tested for e=0,04 m The connectors consist of a viscous damper and an elastic spring connected in parallel. Two properties are tested.

The biggest disadvantage is that these properties do not prevent the impact of building. The slabs of the structures must accept the impact forces and accelerations peaks are still observed (Table 6‑31). 
A third property is introduced with a higher stiffness of connector. Using this link in each storey of MRF 6 and MRF 5 reduces the ductility demand in both structures. The evolution of the top displacement with time of accelerogram 3 is represented at Figure 6‑45. The entire properties tend to diminish the permanent displacement observed in both structure. The connectors completely counteract the effect of pounding on the shear action effect in the MRF 5 system without adversely affecting the MRF 6 structure (Table 6‑32).
	Zhu and Iemura [2000]
	kc (kN/m)
	cc (kN.sec/m)

	Properties 1
	2640
	89

	Properties 2
	918
	89

	Properties 3
	8000
	89


Table 6‑31.  
Maximum top storey accelerations in MRF 6 and MRF 5 connected with viscoelastic dampers
	Maximum accelerations (m/s²)
	Without pounding
	e=0,04 m
	Prop. 1
	Prop. 2
	Prop. 3

	MRF 6
	-8
	-18
	-8
	-17
	-7

	
	-8
	-35
	-11
	-26
	-10

	
	-8
	-16
	-11
	-15
	-10

	MRF 5
	14
	37
	11
	13
	11

	
	10
	29
	8
	24
	8

	
	10
	31
	8
	20
	8
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Figure 6‑45.
Evolution of the top displacement with time for MRF 6 and MRF 5 connected with viscoelastic dampers (accelerogram 3)
Table 6‑32.  
Comparison of the shear action effect and the shear resistance in both systems (MRF 6 & MRF 5) connected with a viscoelastic damper
	VEd/VRd in MRF 6

	n
	Without Pounding
	e=0,04 m
	Prop. 1
	Prop. 2
	Prop. 3

	7
	0,40
	0,40
	0,40
	0,34
	0,38

	6
	0,58
	0,61
	0,56
	0,63
	0,53

	5
	0,56
	0,84
	0,62
	0,67
	0,57

	4
	0,65
	0,67
	0,68
	0,75
	0,63

	3
	0,77
	0,79
	0,73
	0,81
	0,72

	2
	1,00
	0,99
	0,92
	0,90
	0,93

	1
	0,54
	0,56
	0,49
	0,48
	0,48

	VEd/VRd in MRF 5
	

	n
	Without Pounding
	e=0,04 m
	Prop. 1
	Prop. 2
	Prop. 3

	7
	0,31
	0,49
	0,34
	0,35
	0,34

	6
	0,56
	0,64
	0,59
	0,62
	0,63

	5
	0,64
	0,68
	0,60
	0,62
	0,68

	4
	0,80
	0,73
	0,75
	0,76
	0,79

	3
	0,89
	0,91
	0,84
	0,94
	0,82

	2
	0,92
	1,15
	0,94
	0,99
	0,87

	1
	0,41
	0,62
	0,36
	0,39
	0,41


Table 6‑34 summarizes the effects of the different ways of mitigation tested for pounding between MRF 6 and MRF 5.
6.2.5 Conclusions

The effects of pounding for the case A, two buildings having the same height and aligned floor levels, are summarized in Table 6‑33.

It is clear, after the review of literature and analyses made, that the situation of pounding between structures with the same height and with aligned floor levels do not generally conduct to the collapse of the buildings. Nevertheless, if other deficiencies are present, this conclusion may not be still valid.
The first thing that we take care of is the response of both structures when they hit each other. The conclusion is based on the results found in the literature and on the analyses made in this work. Unfortunately, no general tends in the pounding behaviour could be found. Sometimes the response of the flexible structure increased and sometimes it was the one of the stiffer structure. Many parameters, as the periods of structures, their masses, strengths and stiffnesses and the hypothesis made, interact. 
However, two distinct types of behaviour can be differentiated :
· if the structure examined is adjacent to another flexible one then pounding amplifies the displacement of both structures at the side opposite to pounding, as shown in Figure 6‑46 Case A1 ;
· when the studied structure is adjacent to a stiffer system, this one acts essentially as a 'stopper' that reduces the motion amplitude of its neighbour (Figure 6‑46 Case A2). 
The case of MRF 6 pounding MRF 5 corresponds to case A1. On the contrary, the behaviour of MRF 1 and W 1 pounding each other corresponds typically to pounding type A2. The wall structure (W 1) acts as a stopper for the displacement of MRF 1. 
Another remarkable result observed is that the flexible structure rebound in opposite direction so much that they might not be able to come into contact again. This type of behaviour is evidently possible only if the structures are able to act in the plastic domain.
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Figure 6‑46.
Typical type of behaviour for case A (same building height, aligned floors)

As expected, pounding is found to be more critical for highly out-of-phase systems.

Even if it is generally the case, the results (displacements, shear action effects, etc) do not always increase as the stand-off distance decreases. For example, when MRF 1 is pounded by MRF 5, a higher increase in displacement is observed for e=0,04 m than for e=0,004 m. Indeed, for MRF 1 pounded by W 1 with a stand-off distance equal to 0,004m, pounding occurs but does not introduce substantial structural problems.
If both structures have the same height and the same floor levels, the designers face generally two problems :

· the displacements are increased in the direction opposite to the side of pounding and especially as if the stand-off distance decreases. For example, when MRF 1 is at 0,0877m or 0,004 m of W 1, the increase passes of 37 % to 121%. This result could induce excessive P-Δ effects. Designers must take care of this effect especially if the P-∆ sensitivity coefficient, (, is already high without considering pounding effect ;
· the shear action effects in both structures increased, which could lead to shear action effects higher than the shear resistances and generate brittle failures.

For the study of mitigation by linking structures, different types of connectors are tested for each case under consideration. Table 6‑34 summarizes the results found. Based on the three cases studied, we can conclude that :

· connecting structures by hinge-ended beams can completely solve the problem of pounding if both structures have similar dynamic properties. Whereas if the structures have very different dynamic properties than the hinge-ended beams can be used but coupled with other method of mitigation installed in both systems (for example, a local strengthening) ;
· to preclude pounding for a small stand-off distance, the stiffness of the links must be higher than for a higher stand-off distance to avoid any impacts ;
· connecting the two structures with dissipative connections improve more the behaviour of two dynamically different structures than the hinge-ended beams connectors but special considerations can be needed to the stiffer structure.
For the case most likely to cause pounding damage to adjacent structures (adjacent structures with large difference in periods, storey masses difference, or different heights), the mitigation by viscous damper links is most effective. The reason is that in these cases the large relative velocity between adjacent structures caused large energy dissipation in the damper links.
Table 6‑33.  
Review of the effect of pounding in case A
	Case considered
	Hypothesis
	Results
	Effect
	Danger

	MRF 1

[T=0,937s W=4200 kN]

and W 1

[T=0,329s

W=3500 kN]

(0.4 g)
	Pounding for

e = 0,0877 m;

e = 0,04 m;

e = 0,004 m
	Displacements
	Dual system: Displacement almost unchanged
	No Danger

	
	
	
	Frame system: Amplification of the displacement
	Problems with P-Δ effect

	
	
	
	Frame system: shift of the displacement
	Permanent displacement

	
	
	
	
	(Tilt of structures)

	
	
	Accelerations
	Peak accelerations for both structures
	Affect the equipment and the secondary element

	
	
	Impact forces
	The impact forces, the number of impact and the number of floors levels increased when e decrease
	Not a real problem except that high frequency compression waves are formed in the floor diaphragms

	
	
	Shear action effects
	Dual system: Forces increased in the wall
	No Danger

	
	
	
	Frame system: Amplification of the forces
	Shear brittle failure in columns for e=0,0877 m and e=0,04 m

	MRF 1

[T=0,937s W=4200 kN]

and MRF 5

[T=0,787s

W= 3700 kN]

(0,4.g)
	Pounding for

e = 0,08 m;

e = 0,04 m

e = 0,004 m
	Displacements
	MRF 1: Displacements increase as the stand-off distance decrease
	Risk of problems with the P-Δ effect

	
	
	
	MRF 5: No general tends of displacements can be drawn
	To evaluate case by case

	
	
	
	Both system: shift of the displacement
	Permanent displacement

	
	
	
	
	Tilt of structures

	
	
	Accelerations
	Peak accelerations for both structures
	Affect the equipment and the secondary element

	
	
	Impact forces
	The impact forces, the number of impact and the number of floors levels increased when the stand-off distance decrease
	Not a real problem except that high frequency compression waves are formed in the floor diaphragms

	
	
	Shear action effects
	For both system: Amplification of the forces
	Shear brittle failure in columns

	MRF 6

[T=1,109s W=7056 kN]

and MRF 5
[T=0,787s

W=3700 kN]

(0,4.g)
	Pounding for

e = 0,10 m;

e = 0,04 m;

e = 0,004 m
	Displacements
	For both system: Displacements increase as the stand-off distance decrease
	No danger regarding the damage limitation or the P-Δ effect

	
	
	Accelerations
	Peak accelerations for both structures
	Affect the equipment and the secondary element

	
	
	Impact forces
	The impact forces, the number of impact and the number of floors levels increased when the stand-off distance decrease
	Not a real problem except that high frequency compression waves are formed in the floor diaphragms

	
	
	Shear action effects
	Heavier system: Shear action effect increase
	No danger: the shear action effect is still smaller than the shear resistance

	
	
	
	Lighter system: Shear action effect increase
	Shear brittle failure in columns


Table 6‑34.  
Review of the effect of mitigation in case A
	Case considered
	Hypothesis
	Results
	Effect

	MRF 1 

[T=0,937s W=4200 kN] 

and W 1 

[T=0,329s

W=3500 kN] 

(0,4.g)
	Hinged 

link for e=0,0877m 

(kc=50 000kN/m; kc=10 000kN/m;kc=5000kN/m)
	Displacements
	The hinge-ended beam forces the structures to behave as only one.

	
	
	Accelerations
	The accelerations globally increase but there is no peaks

	
	
	Shear Forces 
	The shear action forces decrease in MRF 1 and increase in the wall of W 1.

	
	FVD based 

on Zhu and Xu

for e = 0,0877 m;

e = 0,04 m 
	Convergence 

problem
	Only if the same link is placed at each storeys.

Dividing the proposed properties by the number of storeys connected completely counteract this problem.

	
	
	Displacements
	The flexible structure: displacements decrease.
The stiffer structure: displacements slightly increase.

	
	
	Shear Action 

effect
	The link improves the shear action effect in MRF 1 but it increases in the wall of W 1

	
	Viscoelastic link based 

on Zhu and Iemura 

for e = 0,0877 m;
	Displacements
	The flexible structure: displacements decrease

The stiffer structure: displacements slightly increase.

	
	
	Accelerations
	The accelerations globally increase but there is no peaks

	
	
	Shear Forces 
	The shear action forces decrease in MRF 1 and increase (slightly) in the wall of W 1

	MRF 1 

[T=0,937s W=4200 kN] 

and MRF 5 

[T=0,787s 

W= 3700 kN] 

(0,4.g)
	Mitigation:

hinge-ended beam for 

e=0,04 m 

(kc=80000, 

8000, 4000 kN/m)
	kc=80000 kN/m still brings shear action effects higher than shear resistances in pounded columns

	
	
	kc=8000 kN/m and kc=4000 kN/m are equivalent. 

For both values: VRd>VEd, reduction of peak accelerations and the displacements of MRF 5 increase.

	
	Mitigation:

hinge-ended beam for e=0,08m

(kc=4000 kN/m)
	kc=4000 kN/m: VRd>VEd, reduction of peak accelerations and the displacements of MRF 5 increase.

	
	Mitigation: hinge-ended beam for 

e=0,004 m

kc=8000 kN/m
	kc=8000 kN/m: VRd>VEd, reduction of peak accelerations and the displacements of MRF 5 increase.

	
	
	A higher stiffness of connector is needed to preclude pounding

	MRF 6 

[T=0,961s W=7056 kN] 

and MRF 5 

[T=0,787s

W=3700 kN] 

(0,4.g)


	Mitigation:

Hinge-ended beam for e=0,04m (kc=8200kN/m kc=23 000kN/m)

Hinge-ended beam for e=0,10m and e=0,004 m (kc=23000kN/m)
	Displacements
	The hinge-ended beam forces the structures to behave as only one which is an intermediate between MRF 6 and MRF 5

	
	
	Accelerations
	The accelerations peaks completely disappear

	
	
	Shear Forces 

in columns
	The shear action forces decrease in both system (VEd<VRd)

	
	Mitigation:

Viscoelastic link based on Zhu and Iemura 

for e = 0,04 m 
	Displacements
	The Viscoelastic seems to generally decrease the permanent displacement

	
	
	Accelerations
	The accelerations peaks are still present if the stiffness of the spring is not big enough 

	
	
	Shear Action 

effect
	The shear action forces decrease in both system (VEd<VRd)


6.3 Case B: Adjacent buildings of unequal height and with aligned floor levels
6.3.1 Introduction

The second case studied is between two buildings having different height, with floors in alignment. A survey of the actual pounding incidents shows that the damage is typically concentrated at the roof level of the shorter building and at the level just above pounding for the taller one.

6.3.2 Observations from past earthquakes

Several example of damage due to pounding have been reported. Some examples are reported in this work. Figure 6‑47 shows that, due to pounding by a short and heavy structure, the corner edge of a 2-storey structure tends to separate. 
Pounding damage between 10 and 5 storey buildings is shown at Figure 6‑48. Only 1 to 3,81 centimetres building separation is present. The 5-storey building is originally a concrete frame building having a very stiff wall at the second level and it was seismically upgraded by adding steel braces in 1980. Pounding was located at the roof level in the 5-storey building. The 10-storey building was constructed in 1904 of thick masonry walls (33 centimetres thickness) combined with 9 steel plane frames. This building suffered structural damage above the pounding elevation as evidence by the large diagonal shear cracks in the masonry piers. Figure 6‑49 illustrates also diagonal cracking caused by pounding of an adjacent lower structure.
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Figure 6‑47.
The pounding caused corner edge to separate
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Figure 6‑48.
Damage caused by the pounding of a 10-storey steel-frame building against a 5-storey building ((ATC-20 Training Slide Set photo) – FEMA 389-Ch3 [1])
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Figure 6‑49.
Pounding caused shear cracking

General view and a close up of damage caused by pounding between a 1-storey building and a 5-storey one are presented at Figure 6‑50. Pounding caused damage to the masonry.

In Figure 6‑51, pounding caused damage on the façades as well as spalling etc. to the structure. 
The 14-storey Anchorage Westward Hotel was damaged by pounding against its low-rise ballroom and an adjacent 6-storey wing. Despite a 10 cm separation, the pounding was strong enough to dislocate the metal floor decking from its steel beam supports.

[image: image198.jpg]


    [image: image199.jpg]


 
Figure 6‑50.
General view and close up of two buildings with different height
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Figure 6‑51.
Damage caused by pounding during the earthquake of Mexico in 1985
6.3.3 Effect of pounding

Two different types of combinations of structures are studied. The first one concerns the interaction between two moment resisting frames (MRF 1 and MRF 2). The second one is between a dual system (W 1) and a tall moment resisting frame (MRF 2).
6.3.3.1 First numerical model (MRF 1 & MRF 2)
In this section, the MRF 1 and MRF 2 systems (Figure 6‑52) are supposed to hit each other. Three stand-off distances and three peak ground accelerations (PGA) are studied, respectively e=0,10 m; 0,04 m and 0,004 m at PGA equal to 0,4g, 0,25g and 0,1g. The case of a stand-off distance equal to 0,10 m for an acceleration of 0,10 g does not cause pounding between structures.
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Figure 6‑52.
The two structures studied (dimensions in meters)

All the results presented first are with a PGA equal to 0,4g.
Figure 6‑53 shows the maximum and minimum displacements obtained from the three accelerograms for each storey of MRF 1. No general tends can be found, except maybe a slight tilt of the structure which increases as the stand-off distance decrease (Figure 6‑54). Due to the observed increase in displacements, P-Δ effect has been checked for the three stand-off distance, and even if the tendency is the increase of ( with the stand-off distance, this parameter stays acceptable. 
Whatever the stand-off distance is, the top displacement of MRF 2 is at some instant higher than in the case of no pounding and, few seconds later, lower, as shown in Figure 6‑55. This is due to the formation of plastic hinges at the bottom of columns in the storey just above pounding (storey 8). Figure 6‑56 shows an example of the formation of hinges in each column of storey 8 under accelerogram 2 and with e=0,004 m. 
Figure 6‑57, Figure 6‑58 and Figure 6‑59 illustrate the effect of pounding on the displacements in the MRF 2 structure. The displacements of the floors just above the pounding level increase with the stand-off distance.
Pounding caused problem to the content at storey 9, 10 and 11 of MRF 2. In these floors, the damage limitation criterion is not verified at each instant. Moreover, the coefficient ( defining the P-Δ effect is very close to the limit condition of 0,10.
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Figure 6‑53.
Maximum displacement along the height for the three accelerograms (MRF 1) 
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Figure 6‑54.
Evolution of top displacement with time in storey 7 (MRF 1)
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Figure 6‑55.
Evolution of top displacement with time in storey 15 (MRF 2)
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Figure 6‑56.
Deformed shape at the end of accelerogram 2 for e equal to 0,004m
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Figure 6‑57.
Displacement Storey 7 of MRF 2 during accelerogram 2
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Figure 6‑58.
Maximum displacement in MRF 2
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Figure 6‑59.
Percentage of the interstorey drift (Pounding/ No Pounding *100) in MRF 2
As expected, pounding has a great influence on the shear action effects. The distribution along the height of the maximum shear forces for each distance considered in MRF 1 is presented at Figure 6‑60. Table 6‑35 compares the shear action effects to the shear resistance. In this work, as mentioned before, the same shear resistance is attributed to each column having the same cross-section. This means that storey 2 to 7 of MRF 1 have the same shear resistance VRd. The first storey is a particular case because of the limit conditions. Pounding causes shear brittle failure at the second storey of the MRF 1 system for the case of a stand-off distance equal to 0,10 m and 0,04 m. The second floor level is the most dangerous because the shear resistance is close to the shear action effect.
As shown in Figure 6‑60, general conclusion on the worst stand-off distance cannot be drawn. For example, the peak of shear forces is maximum in the first storey for e=0,10 m and in the seventh storey for e=0,04 m.
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Figure 6‑60.
Distribution of the maximum shear forces along the height (MRF 1)
Table 6‑35.  
Comparison between the shear action effect and the shear resistance in MRF 1
	MRF 1
	VEd/VRd

	Storey
	e = 0,1 m
	e=0,04 m
	e=0,004m

	7
	0,42
	0,64
	0,50

	6
	0,69
	0,58
	0,71

	5
	0,80
	0,72
	0,77

	4
	0,86
	0,75
	0,77

	3
	0,95
	0,89
	0,69

	2
	1,15
	1,14
	0,82

	1
	0,58
	0,52
	0,54


Figure 6‑61 shows the maximum and minimum forces along the height of MRF 2 for each stand-off distances. This figure clearly demonstrates the increase in the shear forces just above the pounding storey, i.e. storey 8. Table 6‑36 compares the maximum action effect to the shear resistance. The pounding produced by the adjacent 7-storey structure caused the shear failure of the column in storey 8 and this for each stand-off distance. For a distance of 0,10 m, the action effect exceeds the resistance by 58%! This observation of a high increase in shear action effect in storey 8 of MRF 2 is coherent with the observations made during past earthquakes. The attention of the reader is particularly drawn to the fact that due to diaphragms behaviour, the impact forces are distributed to the columns of the entire storey.
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Figure 6‑61.
Minimum shear forces along the height of MRF 2
Table 6‑36.  
Comparison of the shear action effect and the resistance in MRF 2
	MRF 2
	VEd/VRd

	Storey
	0,1 m
	0,04 m 
	0,004 m

	15
	0,60
	0,60
	0,61

	14
	0,73
	0,71
	0,69

	13
	0,75
	0,73
	0,77

	12
	0,87
	0,88
	0,94

	11
	1,02
	1,00
	0,99

	10
	0,86
	0,85
	0,89

	9
	1,02
	1,02
	0,98

	8
	1,58
	1,31
	1,40

	7
	0,91
	0,91
	0,86

	6
	1,00
	1,12
	1,33

	5
	0,60
	0,67
	0,67

	4
	0,69
	0,67
	0,70

	3
	0,79
	0,80
	0,75

	2
	1,00
	1,01
	0,99

	1
	0,99
	1,01
	1,09


As it was found in case A (buildings with the same height and with aligned floor levels) of pounding, accelerations peaks affect the buildings (Figure 6‑62). These peaks take place within very short time duration. The instantaneous phenomenon of the impact is shown very clearly. The peak magnitudes of accelerations increase when the stand-off distance decreases. The same phenomenon appears in storey 7 of MRF 2. These peak accelerations are believed to affect the equipment and the secondary elements of short natural period at the level where pounding takes place.
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Figure 6‑62.
Accelerations in storey 7 of MRF 1 during accelerogram 1
Table 6‑37 reports the maximum forces at contact. The forces stay admissible for the impact between two slabs. As expected, the number of storey pounded increase as the stand-off distance decrease. 
Table 6‑37.  
Maximum forces of contact (kN)
	Storey
	e=0,10 m
	e=0,04 m
	e=0,004 m

	7
	1224
	1711
	1615

	6
	-
	1188
	1553

	5
	-
	1284
	1323

	4
	-
	135
	1177

	3
	-
	-
	978

	2
	-
	-
	334

	1
	-
	-
	-


Effect of peak ground acceleration (PGA)
Globally the behaviour of the structures under a PGA equal to 0,25 g or 0,10 g is equivalent to the case of PGA=0,4g but effects diminish as the peak acceleration decreases.

The results are only presented briefly. Under 0,25 g, there is no problem with the damage limitation and the P-Δ effect. However, the shear forces in columns (Table 6‑38 and Table 6‑39) still lead to brittle failure. Results under PGA=0,10 g are almost the same as those under PGA=0,25g, except that no pounding problems are expected in MRF 1.
Table 6‑38.  
Comparison of the shear action effects and resistances of MRF 1 (PGA=0,25 g)
	MRF 1
	VEd/VRd

	Storey
	0,1 m
	0,04 m 
	0,004 m

	7
	0,65
	0,78
	0,95

	6
	0,68
	0,69
	0,72

	5
	0,81
	0,74
	0,77

	4
	0,89
	0,92
	1,00

	3
	0,97
	1,00
	0,92

	2
	1,03
	1,10
	1,02

	1
	1,00
	1,05
	1,03


Table 6‑39.  
Comparison of the shear action effects and resistances of MRF 2 (PGA=0,25 g)
	VEd/VRd in MRF 2 (PGA=0,25 g)

	Storey
	0,1 m
	0,04 m 
	0,004 m

	15
	0,59
	0,58
	0,61

	14
	0,78
	0,79
	0,81

	13
	0,85
	0,85
	0,86

	12
	0,88
	0,89
	0,87

	11
	0,95
	0,95
	0,96

	10
	0,81
	0,80
	0,83

	9
	0,85
	0,96
	1,00

	8
	1,01
	1,25
	1,25

	7
	0,88
	1,04
	0,88

	6
	0,96
	1,13
	0,96

	5
	0,71
	0,71
	0,74

	4
	0,79
	0,78
	0,83

	3
	0,91
	0,91
	0,88

	2
	1,02
	1,02
	0,90

	1
	0,99
	1,01
	1,13


Table 6‑40.  
Comparison of the shear action effects and resistances of MRF 2 (PGA=0,10 g)
	VEd/VRd in MRF 2 (PGA=0,10 g)

	Storey
	e=0,04 m
	e=0,004 m

	15
	0,76
	0,74

	14
	0,90
	0,90

	13
	0,94
	0,95

	12
	0,96
	0,95

	11
	0,93
	0,93

	10
	0,82
	0,82

	9
	0,79
	0,99

	8
	1,08
	1,32

	7
	1,03
	0,79

	6
	0,87
	0,81

	5
	0,75
	0,72

	4
	0,78
	0,82

	3
	0,98
	0,93

	2
	1,05
	0,96

	1
	0,60
	0,63


A summary of pounding effects is presented at Table 6‑41 to clarify the results. The MRF 1 has 7 storeys and the MRF 2 has 15 storeys. The floors are slab diaphragms and in alignment. 
Table 6‑41.  
Summarize for a particular Case B (MRF 1 – MRF 2)
	Result analyzed
	Effect
	Danger

	Acceleration PGA=0,4.g

	Displacement
	MRF 1: slight shift towards the left
	No Danger

	
	MRF 2: Top displacement (storey 15) increases in both directions.
	Permanent displacement 

	Damage limitation
	MRF 2: the criterion is not always verified
	Danger to secondary element

	P-Δ effect
	MRF 2: The coefficient ( increase as the stand-off distance decreases
	Become danger if not taken in consideration

	Accelerations
	Peak accelerations for both structures
	Affect the equipment and the secondary element

	Impact forces
	The impact forces, the number of impact and the number of floors levels increased when the stand-off distance decrease
	Not a real problem for the case of impact between slabs

	Shear Forces in columns
	MRF 1: the shear forces in the columns increase.
	Brittle failure for storey 2 if gp=0,1 m or 0,04m.

	
	MRF 2: Increase in storey around pounding
	Shear failure in columns (! Brittle failure)

	Acceleration PGA=0,25.g 

	Displacement
	MRF 1: slight shift towards the left
	No Danger

	
	MRF 2: Whiplash behaviour. Top displacement (storey 15) increases in both directions.
	Permanent displacement 

	Damage limitation
	Criterion always verified
	No Danger

	P-Δ effect
	MRF 2: The coefficient ( increase as the stand-off distance decreases
	No Danger

	Accelerations
	Peak accelerations for both structures
	Affect the equipment and the secondary element

	Impact forces
	The impact forces, the number of impact and the number of floors levels increased when the stand-off distance decrease
	Not a real problem for the case of impact between slabs

	Shear Forces in columns
	MRF 1: the shear forces in the columns increase.
	Brittle failure for storey 2

	
	MRF 2: Increase in storey around pounding
	Shear failure in columns (! Brittle failure)

	Acceleration PGA=0,10,g 

	Displacement
	MRF 1: slight shift towards the left
	No Danger

	
	MRF 2: Whiplash behaviour. Top displacement (storey 15) increases in both directions.
	Permanent displacement 

	Damage limitation
	Criterion always verified
	No Danger

	P-Δ effect
	MRF 2: The coefficient ( increase as the stand-off distance decreases
	No Danger

	Accelerations
	Peak accelerations for both structures
	Affect the equipment and the secondary element

	Impact forces
	The impact forces, the number of impact and the number of floors levels increased when the stand-off distance decrease
	Not a real problem for the case of impact between slabs

	Shear Forces in columns
	MRF 2: Increase in storey around pounding
	Shear failure in columns (! Brittle failure)


6.3.3.2 Second numerical model (W 1 & MRF 2)

A dual system (W 1) pounds against a taller moment resisting frame system (MRF 1) (Figure 6‑63) under a PGA of 0,4g. Three stand-off distances have been tested: 0,10 m; 0,04 m and 0,004 m. Other PGAs are not considered, because the effects are supposed to be roughly the same.
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Figure 6‑63.
Dimensions in meter of the W 1 and the MRF 2 systems
As the results presented previously, the deformed shape and the displacements are analysed first. As the stand-off distance decrease, the maximum rotations in beams in the upper storeys of MRF 2 increase and the number of plastic hinges formed in columns increases also. 
In details, the results are :
· e=0,10 m: The ductility demand in the two extremities of the central beams of storey 9 is nearly at the maximum value ;
· e=0,04 m: an excessive rotation is demanded at the beams in storey 8 to 13 of MRF 2. Moreover, the number of plastic hinges formed in the extremities of columns increase ;
· e=0,004 m: Due to pounding the upper storey of MRF 2 completely collapse.
Table 6‑42 and Figure 6‑64 illustrate the type of behaviour present in the case of an interaction between a stiff dual frame system and a taller flexible moment resisting frames. The W 1 system has only small change in top displacement. The taller structure (MRF 2) is abruptly stopped by the W 1 building and the displacements in the side opposite to pounding (x > 0 Figure 6‑64) increase as the stand-off distance decrease. 
Table 6‑42.  
Extreme values of top displacement of W 1 when pounded by MRF 2

	Displacement (m)
	Without Pounding
	e=0,10 m
	e=0,04 m
	e=0,004 m

	maximum
	0,0441
	0,0403
	0,0353
	0,0418

	minimum
	-0,0467
	-0,0470
	-0,0415
	-0,0419
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Figure 6‑64.
Evolution of the top displacement of storey 7 in MRF 2
For e=0,10 m, there is no problem with the damage limitation nor with the P-∆ effects. With e=0,04 m, problems appear with damage limitation in storey 11 and 12. In addition, the worst case, e=0,004 m creates problem with damage limitation in storey 10, 11, 12 and 13. Moreover, the coefficient θ is now equal to 0,15 which means special considerations are needed to check P-∆ effects.
As expected, peaks of shear action effects are observed in the upper storeys of W 1 (Table 6‑43) and MRF 2 (Table 6‑44). Whatever the stand-off distance is, shear failures always occur at the storey just above pounding in MRF 2.
Table 6‑43.  
Comparison of the maximum shear action effect for each storey of the wall in W 1
	VEd Pounding/ 

VEd Without pounding
	e=0,10 m
	e= 0,04 m
	e=0,004m

	
	max
	min
	max
	min
	max
	min

	Storey 7
	2,53 
	1,03 
	4,22 
	1,75 
	2,66
	1,92

	Storey 6
	1,01 
	0,97 
	1,21 
	0,87 
	1,06
	0,99

	Storey 5
	1,01 
	0,93 
	0,91 
	0,86 
	0,91
	0,97

	Storey 4
	1,00 
	0,94 
	0,92 
	0,86 
	0,96
	0,96

	Storey 3
	1,00 
	1,00 
	0,99 
	0,88 
	1,00
	0,94

	Storey 2
	1,00 
	1,04 
	1,00 
	0,95 
	1,01
	0,93

	Storey 1
	0,97 
	1,06 
	0,97 
	0,97 
	0,99
	0,91


Table 6‑44.  
Comparison of shear action effect and resistance for columns pounded (MRF 2)
	VEd/VRd
	Without Pounding
	e=0,10 m
	e= 0,04 m
	e=0,004m

	14
	0,73
	0,73
	0,76
	0,87

	13
	0,78
	0,77
	0,85
	1,03

	12
	0,89
	0,90
	0,99
	1,01

	11
	1,00
	0,99
	1,19
	1,10

	10
	0,67
	0,71
	0,76
	0,81

	9
	0,69
	0,91
	0,92
	0,84

	8
	0,74
	1,19
	1,47
	1,28

	7
	0,90
	0,85
	0,92
	0,89

	6
	1,00
	1,03
	0,77
	0,89

	5
	0,63
	0,62
	0,67
	0,61

	4
	0,69
	0,74
	0,84
	0,53

	3
	0,82
	0,88
	1,01
	0,68

	2
	1,00
	1,00
	1,01
	1,07

	1
	0,92
	0,92
	0,96
	1,01


Peak accelerations of both structures are reported at Figure 6‑65 and Figure 6‑66. It is pointed out that the two systems do not react in the same way. As the stand-off decrease, a uniform increase in the acceleration along the height is observed in the dual system. Whereas, the frame system has peak accelerations localised around storey 8. These peaks increase as the stand-off distance decrease.
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Figure 6‑65.
Maximum accelerations for each storey of W 2
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Figure 6‑66.
Maximum accelerations for each storey of MRF 2
Table 6‑45 reports the maximum impact forces obtained. They stay admissible for the impact between two slabs. As expected, the number of pounded storey increases as the stand-off distance decreases. 
Table 6‑54 summarizes the pounding effects observed for each stand-off distance studied between W 1 and MRF 2.
Table 6‑45.  
Maximum forces at contact

	Forces at contact (kN)
	e=0,10 m
	e= 0,04 m
	e=0,004m

	7
	2114
	3023
	3591

	6
	0
	2182
	1888

	5
	0
	923
	1774

	4
	0
	0
	1478

	3
	0
	0
	1001

	2
	0
	0
	363

	1
	0
	0
	0


6.3.4 Effect of mitigation 
For the two cases (MRF 1 – MRF 2 and W 1 – MRF 2) studied, different type of linking are tested. The connectors between MRF 1 and MRF 2 are presented first and then the ones of W 1 pounded by MRF 2. As similar results are obtained for each PGA, reconnection is only studied for a PGA of 0,4 g. 
6.3.4.1 Hinge-ended beams between MRF 1 and MRF 2
As hinge-ended beams are found to be effective for similar structures studied in case A, this device is studied first for a stand-off distance of 0,004 m. The links are installed at all storeys levels of the stiff and lower building. Three spring stiffness (kc) are tested (200 000 kN/m, 50 000 kN/m and 5 000 kN/m).

[image: image216.wmf]
Figure 6‑67.
Models used for the connector hinge-ended beam
The only results examined are the deformed shape of the structures. In all cases, the reconnection generates the formation of storey mechanism. In the worst cases, beams of MRF 2 are destructed due to excessive rotation ductility demands (Figure 6‑68).
Unlike found in the case A (buildings with the same height and aligned floor levels), using hinge-ended beams as connectors lead to a too high restraint between the structures. The links oblige the bottom part of the MRF 2 system to behave as the MRF 1 system, imposing high restraint on it. 

Using other stand-off distance with hinge-ended beams is not tested because it will lead to the same phenomenon.
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Figure 6‑68.
Deformed shape of both structures completely collapse at the end of accelerogram 2 when connected with kc=200000 kN/m

6.3.4.2 Soft material to fill the gap between MRF 1 and MRF 2
A special type of reconnection studied in this work is "crushable device", a soft material to fill the gap. The idea is that in the case of severe motion, the crushable devices are designed to be destroyed by compression, giving sufficient space. After the destruction of the devices, the structure may vibrate independently and smaller structural response can be achieved. After the earthquake, the destroyed elements can be replaced by new items but no repair of structural element is normally needed.
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Figure 6‑69. 
Modelling of soft materiel to fill the gap

For the stand-off distance equal to 0,004 m, five values of kc are tested: 200 000 kN/m; 100 000 kN/m; 50 000 kN/m; 25 000 kN/m and 5 000 kN/m. 
Figure 6‑70, Figure 6‑71 and Figure 6‑72 show that there is nearly no differences in the displacements computed for each spring stiffness and that the results are almost the same as in the case of pounding.
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Figure 6‑70.
Top storey (MRF 2) displacement during accelerogram 1
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Figure 6‑71.
Maximum displacement for each storey of MRF 1
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Figure 6‑72.
Maximum displacement for each storey of MRF 2

The gap filling material does not improve the behaviour on damage limitation. For each characteristics considered, the interstorey drift still exceed the limitation of 0,0075h. 

No substantial change in the shear forces have been noticed in MRF 1. Some variations appear in the maximum shear forces of MRF 2 (Table 6‑46). However, none of the studied properties does solve the problem.
Table 6‑47 and Table 6‑48 show the peak accelerations observed in each storey of both systems. As said previously, pounding caused an increase of accelerations. For the five stiffnessess of connection used, these accelerations peaks are still present.
Table 6‑46.  
VEd/VRd for MRF 2

	Storey
	Pounding - e=0,004 m
	kc=200 000 

kN/m
	kc =100 000 

kN/m
	kc = 50 000 

kN/m
	kc = 25 000 

kN/m 
	kc = 5 000 

kN/m

	15
	0,61
	0,63
	0,63
	0,61
	0,62
	0,61

	14
	0,69
	0,70
	0,70
	0,69
	0,69
	0,69

	13
	0,77
	0,78
	0,78
	0,78
	0,77
	0,77

	12
	0,94
	0,94
	0,94
	1,20
	0,94
	0,94

	11
	0,99
	1,00
	1,00
	1,27
	0,99
	0,99

	10
	0,89
	0,84
	0,84
	0,87
	0,88
	0,89

	9
	0,98
	0,92
	0,92
	0,94
	1,03
	0,98

	8
	1,40
	1,56
	1,56
	1,38
	1,53
	1,46

	7
	0,86
	0,90
	0,90
	0,86
	0,92
	0,87

	6
	1,33
	1,27
	1,27
	1,24
	1,17
	1,26

	5
	0,67
	0,60
	0,60
	0,62
	0,63
	0,67

	4
	0,70
	0,64
	0,64
	0,66
	0,66
	0,68

	3
	0,75
	0,69
	0,69
	0,74
	0,73
	0,74

	2
	0,99
	0,97
	0,97
	0,98
	1,02
	1,02

	1
	1,09
	1,09
	1,09
	1,07
	1,08
	1,09


Table 6‑47.  
Peak of accelerations for each storey of MRF 1 and each filling materials tested
	Storey
	Without

pounding
	Pounding
e=0,004 m
	kc=200 000

kN/m
	kc =100 000

kN/m
	kc = 50 000

kN/m
	kc = 25 000

kN/m
	kc = 5 000

kN/m

	7
	10
	58
	45
	50
	50
	44
	42

	6
	8
	33
	26
	34
	44
	40
	40

	5
	8
	38
	22
	35
	30
	30
	33

	4
	7
	33
	23
	24
	23
	27
	32

	3
	6
	24
	13
	19
	23
	20
	24

	2
	4
	16
	8
	10
	10
	14
	16

	1
	2
	6
	3
	3
	4
	4
	6


Table 6‑48.  
Peak of accelerations for each storey of MRF 2 and each filling materials tested
	Storey
	Without 

pounding
	Pounding - e=0,004 m
	kc=200 000 

kN/m
	kc =100 000 

kN/m
	kc = 50 000 

kN/m
	kc = 25 000 

kN/m 
	kc = 5 000 

kN/m

	15
	9
	10
	10
	10
	10
	10
	10

	14
	7
	6
	7
	7
	6
	6
	6

	13
	6
	7
	7
	7
	6
	7
	7

	12
	6
	7
	7
	7
	7
	7
	7

	11
	7
	8
	8
	8
	7
	7
	8

	10
	8
	8
	9
	9
	9
	9
	8

	9
	8
	10
	10
	10
	10
	10
	10

	8
	7
	16
	14
	16
	13
	15
	13

	7
	7
	49
	29
	39
	39
	37
	38

	6
	9
	37
	23
	33
	41
	37
	39

	5
	7
	32
	19
	31
	28
	27
	33

	4
	7
	28
	19
	20
	20
	22
	28

	3
	5
	23
	10
	10
	20
	18
	23

	2
	3
	13
	10
	8
	9
	18
	15

	1
	2
	5
	5
	4
	6
	4
	4


The global behaviour of both structures does not change at all. In fact, this type of link is only a simplified modelling of pounding: a spring activated only when the structure are in contact (supposed to be a zero gap size in this case). The cases of linking MRF 1 and MRF 2 with a soft material filling the gap of 0,10 m and 0,04 m are not tested because the effects are supposed to be equivalent.
6.3.4.3 Tension only device between MRF 1 and MRF 2
The basic objective of using tension devices is to prevent structures from moving away far from each other, which should reduce the elastic energy in both structures at their maximum displacement, and, consequently, the energy brought to impact. The devices are installed at all levels. Three spring stiffness (kc) are tested: 200 000 kN/m, 50 000 kN/m and 5 000 kN/m.
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Figure 6‑73.
Models used for the connector tension-only

The two smaller stiffnesses do not improve the behaviour of MRF 2. Indeed, they generate the formation of a storey mechanism in the floors around the pounding location. A positive action of these properties is that they tend to attenuate the shear action effects even if the values stay higher than the shear resistance.
The case of stiffness equal to 200 000 kN/m still leads to excessive shear action effects and maintains problems with the damage limitation. Furthermore, the connectors of 200 000 kN/m modify the behaviour of MRF 2 as shown in Figure 6‑74 and Figure 6‑75. These figures illustrate, for different time of accelerogram 1, on the left part, the behaviour of MRF 1 and MRF 2 when they are connected and on the right part, the MRF 2 at the same time when subjected to pounding.
As found for the hinge-ended beams, this type of connectors does not improve pounding problems because it constraints too much both structures without permitting energy dissipation.
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Figure 6‑74.
Left: MRF 1 & 2 for accelerogram 1 at 7,565 sec. Right: MRF 2 without pounding for accelerogram 1 at 7,565 sec
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Figure 6‑75.
Left: MRF 1 & 2 for accelerogram 1 at 14,045 sec. Right: MRF 2 without pounding for accelerogram 1 at 14,045 sec

6.3.4.4 Fluid Viscous Dampers between MRF 1 and MRF 2
The basics ideas of using fluid viscous dampers as connectors are that they can consume a part of the earthquake input energy by deformation and promote the in-phase motion of both buildings. Four different connectors are chosen randomly: (1) kc=10 000 kN/m and cc= 16 kN.s/m (2) kc=100 000 kN/m and cc= 16 kN.s/m (3) kc=100 000 kN/m and cc= 160 kN.s/m (4) kc=10 000 kN/m and cc= 160 kN.s/m.
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Figure 6‑76.
Models used for the fluid viscous damper

Results of the VEd/VRd for MRF 1 and MRF 2 are presented at Table 6‑49 and Table 6‑50. The four links do not improve substantially the shear action effects of MRF 2. 
Table 6‑49.  
VEd/VRd for MRF 1

	Storey
	Pounding - e=0,004 m
	kc=100 000 kN/m cc=16 kN.s/m
	kc = 10 000 kN/m cc=16 kN.s/m
	kc=100 000 kN/m cc=160 kN.s/m
	kc =10 000 kN/m cc=160 kN.s/m

	7
	0,50
	0,47
	0,40
	0,28
	0,26

	6
	0,71
	0,60
	0,60
	0,48
	0,48

	5
	0,77
	0,58
	0,58
	0,54
	0,55

	4
	0,77
	0,80
	0,80
	0,69
	0,69

	3
	0,69
	0,86
	0,86
	0,77
	0,78

	2
	0,82
	0,93
	0,93
	0,87
	0,88

	1
	0,54
	0,50
	0,50
	0,42
	0,42


Table 6‑50.  
VEd/VRd for MRF 2
	Storey
	Pounding - e=0,004 m
	kc=100 000 kN/m cc=16 kN.s/m
	kc = 10 000 kN/m cc=16 kN.s/m
	kc=100 000 kN/m  cc=160 kN.s/m
	kc =10 000 kN/m cc=160 kN.s/m

	15
	0,61
	0,61
	0,61
	0,60
	0,62

	14
	0,69
	0,69
	0,69
	0,71
	0,71

	13
	0,77
	0,77
	0,77
	0,77
	0,78

	12
	0,94
	0,92
	0,92
	0,82
	0,86

	11
	0,99
	1,00
	1,00
	0,98
	0,98

	10
	0,89
	0,88
	0,88
	0,84
	0,84

	9
	0,98
	0,96
	0,93
	0,98
	0,98

	8
	1,40
	1,28
	1,32
	1,36
	1,41

	7
	0,86
	0,87
	0,82
	0,81
	0,78

	6
	1,33
	1,26
	1,28
	1,06
	1,02

	5
	0,67
	0,66
	0,66
	0,60
	0,60

	4
	0,70
	0,68
	0,68
	0,68
	0,69

	3
	0,75
	0,73
	0,73
	0,73
	0,74

	2
	0,99
	0,95
	0,95
	0,97
	0,96

	1
	1,09
	1,06
	1,06
	0,98
	0,97


Figure 6‑77 shows the evolution of the top displacement of MRF 2 connected with fluid dampers to MRF 1 during accelerogram 1.
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 Figure 6‑77.
Top displacement (storey 15) of MRF 2

No substantial differences were noticed between the two-spring stiffness. A comparison between cc equal to 16 and 160 kN.s/m shows that :
· for 160 kN.s/m, the coefficient ( increases from 0,0802 to 0,104, which leads to take into, account the P-∆ effect in the design ;
· the criterion of damage limitation is regularly exceeded for the value of 160 kN.s/m ;
· a slight decrease of the shear action effects is observed for cc=160 kN.s/m.

The conclusion of all these results is that the use of such reconnections does not improve the action effects in the structures, on the contrary.
The basic objective of this work is to propose practical type and parameters of reconnection to mitigate pounding problems. Until now, the properties used for the fluid viscous dampers devices were chosen in an arbitrary way. Several authors have proposed optimum parameters of different devices. For example, Zhu and Xu [2005] proposed optimum parameters for fluid viscous dampers modelised by a Maxwell model used to link two adjacent structures. Two criteria are proposed, minimizing the averaged vibration energy of either one structure or the two adjacent structures. Both criteria lead to an infinitely stiff spring and respectively a damper equal to 1490 kN.s/m and 746 kN.s/m (Table 6‑51). The fluid viscous dampers having these properties (properties 1 and 2) are placed at each storey (1 to 7). 
As done for the case A, another property (properties 3) studied are the ones proposed by Zhu and Xu but placed only at some of the upper storeys of MRF 2. The properties proposed by Zhu and Xu are derived from SDOF models and must be used for the overall structures. Therefore, they are divided by the number of connectors placed (2 storeys: 6 and 7). 
Table 6‑51.  
F.V.D. properties based on Zhu and Xu to link MRF 1 and MRF 2

	F.V.D. based on Zhu and Xu
	kc (kN/m)
	cc (kN.sec/m)

	Properties 1
	infinitely stiff
	1490

	Properties 2
	infinitely stiff
	746

	Properties 3
	infinitely stiff 
	746/2=373


Under accelerogram 3, each proposed criteria leads to excessive demand on rotation ductility in beams and columns of the upper part of MRF 2. Figure 6‑78 represents the top displacement of MRF 2 during accelerogram 3. The permanent displacement obtained with either of the connectors is greater than the one obtained with pounding.
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Figure 6‑78.
Evolution of the top displacement during accelerogram 3 for the two parameters of FVD based on Zhu and Xu
Independently of that problem, a presentation of other results is made to identify the effects of using F.V.D. as reconnection. Figure 6‑79 shows clearly the increase of interstorey drift around the storey 8 of MRF 2 when the structures are connected. Damages to secondary elements are produced at storey 8, 9, 10 and 11 of MRF 2.
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Figure 6‑79.
Maximum and minimum displacement for each storey of MRF 2

Table 6‑52 and Table 6‑53 present the ratio between the shear action effect and the shear resistance for respectively MRF 1 and MRF 2. A reduction of the shear action effect is globally observed for each parameter.
Fluid viscous dampers devices based on Zhu and Xu are also considered with e=0,10 m and e=0,04 m. Detailed results of e=0,04 m are not presented in this work because they are almost the same as with a stand-off distance equal to 0,004 m. For e=0,10 m, the fluid viscous dampers based on Zhu and Xu globally reduce the adverse effect of pounding but the damage in the secondary elements and the ductility demands on beams are still higher than the acceptable limit recommended by Eurocode 8.
Table 6‑52.  
Comparison of shear action effect and resistance for MRF 1

	VEd/VRd (MRF 1)

	Storey 
	e=0,004 m
	cc = 1490 kN.s/m
	cc = 746 kN.s/m
	cc = 373 kN.s/m

	7
	0,50
	0,19
	0,17
	0,32

	6
	0,71
	0,50
	0,48
	0,51

	5
	0,77
	0,54
	0,54
	0,55

	4
	0,77
	0,66
	0,68
	0,67

	3
	0,69
	0,72
	0,78
	0,79

	2
	0,82
	0,78
	0,88
	0,88

	1
	0,54
	0,39
	0,43
	0,43


Table 6‑53.  
Comparison of shear action effect and resistance for MRF 2
	VEd/VRd (MRF 2)

	Storey 
	e=0,004 m
	cc = 1490 kN.s/m
	cc = 746 kN.s/m
	cc = 373 kN.s/m

	15
	0,61
	0,66
	0,63
	0,62

	14
	0,69
	0,77
	0,91
	0,75

	13
	0,77
	0,80
	0,77
	0,77

	12
	0,94
	0,88
	0,87
	0,84

	11
	0,99
	1,10
	1,10
	1,00

	10
	0,89
	0,90
	0,90
	0,86

	9
	0,98
	0,98
	0,91
	0,96

	8
	1,40
	1,06
	1,12
	1,16

	7
	0,86
	0,77
	0,85
	0,82

	6
	1,33
	0,95
	1,00
	0,95

	5
	0,67
	0,63
	0,60
	0,60

	4
	0,70
	0,74
	0,69
	0,67

	3
	0,75
	0,79
	0,77
	0,73

	2
	0,99
	1,14
	1,13
	1,03

	1
	1,09
	0,97
	0,99
	0,98


6.3.4.5 Fluid Viscous Dampers between W 1 and MRF 2
For each stand-off distance, fluid viscous dampers defined by Zhu and Xu [2005] were used. The properties thus found (kc= infinitively stiff and cc= 7000 kN/m) are placed in each storey between both systems (1 to 7). Each stand-off distance considered, e=0,10 m, e=0,04 m and e=0,004 m, are tested.
Another way of mitigation studied is to place the proposed parameters of Zhu and Xu but only at the two top storeys of W 1. The properties are divided by 2 (SDOF => MDOF). 
	Zhu and Xu [2005]
	kc (kN/m)
	cc (kN.sec/m)

	Properties 1
	infinitively stiff
	7000

	Properties 2
	infinitively stiff
	3500


For cc= 7000 kN/m placed in each storeys, the connection always generates the formation of a storey mechanism (Figure 6‑80) and so is not presented in details. This problem is probably due to the great difference in stiffness of the W 1 system and the first 7 storey of MRF 2
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Figure 6‑80.
Deformed shape at the end of accelerogram 1 (e=0,004 m) when connected with a FVD based on Zhu and Xu
For cc= 3500 kN/m placed in the top two storeys, even if the links do not create a storey mechanism, the ductility demand increase in the beams and columns of the upper part of MRF 2 leading to problems to secondary element due to excessive interstorey drift. Moreover, even if the shear action effect globally decreases in the columns of MRF 2, they are still over the shear resistance.
Detailed results are not presented because none of the connectors tested mitigates the problem of pounding. 

Other type of links like hinge-ended beams or soft material placed to fill the gap, are not tested because they will probably caused the formation of a storey mechanism in the upper part of MRF 2.

6.3.4.6 Viscoelastic dampers between W 1 and MRF 2

Viscoelastic dampers based on Zhu and Iemura [2000] are tested for each stand-off distance considered. The connectors consist of a viscous damper and an elastic spring connected in parallel. Three properties are tested:
	Viscoelastic dampers
	kc (kN/m)
	cc (kN.sec/m)

	Properties 1
	0
	3827

	Properties 2
	0
	8497

	Properties 3
	9725
	3722


These connectors are placed in each storey between W 1 and MRF 2. 

Again, for the case of W 1 pounded by MRF 2, the links tested conduct to excessive demand ductility in the upper storeys of MRF 2 (8 to 15) and/or to the formation of a storey mechanism. Due to this, the results are not presented in details in the next.

The last properties tested are by supposing that the parameters defined by Zhu and Iemura (based on SDOF system) must represent the properties of all the connectors placed and not the ones of each connector. The last way of mitigation tested is by applying the viscoelastic dampers only in the two upper storeys of W 1 (storey 6 and 7). 
	Viscoelastic dampers
	kc (kN/m)
	cc (kN.sec/m)

	Properties 1
	0
	3827/2=1913

	Properties 2
	0
	8497/2=4248,5

	Properties 3
	9725/2=4862,5
	3722/2=1861


Unfortunately, for the case of W 1 pounded by MRF 2, the links tested conduct to excessive demand ductility in the upper storeys of MRF 2 (8 to 15) and/or to the formation of a storey mechanism. 
6.3.5 Conclusions

Two different combinations of structures are considered (Figure 6‑81). Both effects of pounding and different types of reconnections are studied. 
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Figure 6‑81.
The two different type of combination of structure studied for case B

A comparison of results from literature and this work has been made. The objective is to find the type of behaviour observed when pounding occurs according to the different dynamic characteristics of both structures. Unfortunately, no general conclusions can be drawn because the problem depends on many parameters: the mass of the floors, stiffness and strength of each building, and so on. Only one point can be concluded: where pounding occurs, neglecting its possible effects lead to non-conservative building design.

From review of literature, observations and modelling, three kinds of interaction between buildings can be observed:

Interaction 1: The taller structure pushes the smaller one, imposing upon it, in one direction, its own higher amplitude and longer period motion, increasing the plastic deformation of the smaller one, while the displacements of the taller remained almost unchanged. A result of this behaviour is that the plastic deformations of the small building increase and a plastic drift occurs. This type of response happens when the shorter structure is "lighter" than the taller one.

Interaction 2: If the lower building is more massive and stronger, the sway of the taller building is abruptly restricted by the shorter building and it suffers high storey shear forces above the pounding location. With its lower half restrained from moving in one direction, the taller building exhibits a whiplash (the smaller structure blocks the move of the taller one; the free part of the structure moves like a whip) type of behaviour that could have catastrophic consequences. The shorter and heavier building response under pounding is generally less than those from the no-pounding case are. However, near the pounding location, the interstorey drifts and shear action effects increase. These results suggest that pounding has relatively more of an adverse effect on taller but lighter building rather than on the shorter but heavier building. 

Interaction 3: The last case is a combination of the two previous ones. The storey shear of the taller building above the pounding level and the storey shear of the shorter building at the pounding level increase significantly.

For the first numerical study made (MRF 1 pounded by MRF 2), high storey shears action effects and the formation of plastic hinges above the pounding location show that the taller structure exhibits a whiplash type of behaviour. Moreover, the taller structure (MRF 2) pushed the smaller one (MRF 1), as shown in Figure 6‑82, increasing its plastic deformations and displacements. This first situation of interaction (MRF 1 and MRF 2) concludes in behaviour of type 3. The displacements of both structures tend to increase. This phenomenon leads to problems with the damage limitation and could lead to unacceptable P-∆ effect if the θ coefficient is already near the limit criterion. Reinforcements in shear and/or bending are locally necessary for various columns. Accelerations peaks are observed and lead to damage in the secondary elements.
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Figure 6‑82.
Deformed shape during accelerogram 1 at 12,275 sec. To the left: MRF 1 alone (without pounding). To the right: MRF 1 and MRF 2 with e=0,004 m

The second situation of interaction, between W 1 and MRF 2, typically generates behaviour of type 2. The displacements of the W 1 system do not vary substantially. Whereas, the taller structure (MRF 2) is abruptly stopped by the W 1, which generated the formation of a storey mechanism and great peaks of shear action effects. This situation is the worst case for structures having floors in alignment.
The effect of the PGA is studied for the case of MRF 1 pounded by MRF 2. It shows that the consequences of pounding are globally the same but decrease when the PGA decreases.
Various ways of mitigation have been tested but none of them can completely solve the pounding problems. 
To solve pounding problem of the first situation (buildings having the same structural type), the author proposes to use connectors that can dissipate energy during an earthquake in combination with adequate strengthening in one or both structures. 
The second type of situation, small and rigid structures adjacent to a tall flexible one should absolutely be avoided. Nevertheless, if this situation is met, connecting the structures does not improve at all the behaviour. Indeed, connecting the wall system to the lower part of the frame ones impose to it a behaviour for which it was not designed. 
Alternative proposed methods are:

· strengthening adequately one or both structures ;

· using an alternative load path ;

· placing the primary structure away from the property limits, for a new structure. This solution leads to the degradation of the façade, which needs to be replaced but prevents the damage of the buildings.
Table 6‑54 and Table 6‑55 recapitulate respectively the observations of pounding and mitigation made in the modelling realized.
Table 6‑54.  
Review of the effect of pounding in case B
	Case considered
	Hypothesis
	Results
	Effect
	Danger

	MRF 1 [T=0,937s W=4520 kN] 

and MRF 2 [T=1,7s W=8743,5 kN] 

(0,40g)
	Pounding for 

e=0,10 m 

e=0,04 m

e=0,004 m
	Displacements
	Smaller system: no general tends
	To evaluate case by case

	
	
	
	Taller structure: increase of the displacements in the upper storeys
	Permanent displacement

	
	
	
	
	Damage to secondary element

	
	
	
	
	Risk of problems with the P-Δ effect

	
	
	
	
	For e=0,004 m: formation of a storey mechanism!!

	
	
	Accelerations
	Peak accelerations for both structures
	Affect the equipment and the secondary element

	
	
	Impact forces
	The impact forces, the number of impact and the number of floors levels increased when the stand-off distance decrease
	Not a real problem except that high frequency compression waves are formed in the floor diaphragms

	
	
	Shear Forces in columns
	Both system: Amplification of the forces
	Smaller system: Brittle failure for e=0,10 m and e=0,04 m

	
	
	
	
	Taller structure: Brittle failure at storey just above the smaller structure

	MRF 1-MRF 2 (0,25g) 
	Pounding for e = 0,10 m; 0,04 m and 0,004 m
	Globally the behaviour is equivalent to PGA=0,4g. The only substantial differences concerns the displacements that do not anymore caused damage to secondary element

	MRF 1-MRF 2 (0,1g) 
	Pounding for e = 0,10 m; 0,04 m and 0,004 m
	Globally the behaviour is equivalent to PGA=0,25g. The only substantial difference is that no pounding problem is expected for the MRF 1 system.

	W 1 [T=0,937s W=4520 kN] 

MRF 2 [T=1,7s W=8743,5 kN] 

0,40g
	Pounding for 

e =0,10 m; 

e=0,04 m 

e=0,004 m
	Displacements
	Stiff and small structure: only small change
	No danger

	
	
	
	Flexible and taller system: an increase in the displacements are observed
	For e=0,04 m: problems with damage limitation in upper storeys

	
	
	
	
	For e=0,004 m: problems with damage limitation and P-∆ effect in the upper storeys

	
	
	Accelerations
	Peak accelerations for both structures
	Affect the equipment and the secondary element

	
	
	Impact forces
	The impact forces, the number of impact and the number of floors levels increased when e decrease
	Not a real problem except that high frequency compression waves are formed in the floor diaphragms

	
	
	Shear Forces
	Stiff and small structure: shear action effects increase in the wall
	Risks of shear brittle failure

	
	
	
	Flexible and taller system: an increase in the shear action effects is observed 
	Shear failure occurs!


Table 6‑55.  
Review of the effect of mitigation case B
	Case considered
	Hypothesis
	Results
	Effect

	MRF 1 [T=0,937s W=4520 kN] 

and MRF 2 [T=1,7s W=8743,5 kN] 

(0,40g)
	Mitigation (e=0,004 m)
	Compression only 
	No improvement. The behaviour is almost the same as in the pounding case

	
	
	Tension 

only
	For kc=50 000 kN/m and 5 000 kN/m, formation of a storey mechanism. 

For kc=200 000 kN/m, excessive shear action effects => No improvement

	
	
	Hinged 

link
	In all cases considered, the connectors generate the formation of storey mechanism

	
	
	FVD 
	No improvements are observed

	
	
	FVD based on Zhu
	The connectors tend to reduce the responses of both structures but not enough to mitigate completely the problem

	
	Mitigation (e=0,10 m 0,04 m)
	FVD based on Zhu
	The connectors tend to reduce the responses of both structures but not enough to mitigate completely the problem

	W 1 [T=0,937s W=4520 kN] 

MRF 2 [T=1,7s W=8743,5 kN] 

0,40g
	Mitigation for e=0,10 m, 0,04 m 0,004m
	FVD based on Zhu
	The connectors always generate the formation of a storey mechanism


6.4 Case C: Adjacent buildings of similar or different height and with not aligned floor levels
6.4.1 Introduction

Buildings can have different floors levels, and then the floors of one building can collide into the columns of the other building, causing the failure of the impacted columns. In this case, the slabs of one structure hit the columns of the other structure at a point within the deformable height. 
This is probably the most critical case of interaction between adjacent buildings and although it is a common case in practice, it has not attracted a lot of attention. 

6.4.2 Observations from past earthquakes and literature
Observations of past earthquakes show that hammering is more dangerous when adjacent buildings had different storey heights. During the earthquake, slabs hit the adjacent building's columns and caused important damage of the shear type.
The mid-floor failure of Hotel de Carlo (Mexico, 1985) presented at Figure 6‑83 was caused by pounding from building at left. Special attention is attire to the deflection of building situated at right of the picture. 
Picture on the left of Figure 6‑84 shows pounding effects on concrete frames. Two buildings of similar height were built closely together. The period of the buildings was in the range of the predominant periods of the earthquake, causing lateral displacements large enough to allow them to pound each other. Damage to wall during the Nisqually earthquake of February 2001 because of pounding is presented at Figure 6‑84 Right. During the Zemmouri earthquake that struck northern Algeria on 21 May 2003, insufficient joints caused damage to columns as shown in Figure 6‑84.

As shown in Figure 6‑85 by Bechtoula and Ousalem [2005], the damage level was lesser for frame structures with infill walls than for structures under construction and without infill walls. 
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Figure 6‑83.
Mid-floor failure of Hotel de Carlo Photo credit: C. Arnold, Building Systems Development, Inc. (Mexico City, September 19, 1985)

[image: image234.png]


[image: image235.jpg]



Figure 6‑84.
Left: Two buildings of different height pounding each other. 

Right: Pounding damage during the Nisqually earthquake of 2001
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Figure 6‑85.
Damage to columns due to pounding (the 21 May 2003 Zemmouri earthquake)
Karayannis & Favvata [2005] studied the influence of the structural pounding on the ductility requirements and the seismic behaviour of reinforced concrete structures designed to EC2 & EC8. They observed that the ductility requirements of the columns of the taller structure (8 storeys), and especially the ductility requirements of the internal ones, are substantially increased for the floors above the contact level. They attributed this result to a whiplash type of behaviour of the taller structure. Special attention was paid to the local effect in the external columns of the tall building that suffer impact with the upper floors slabs of the adjacent shorter and stiffer structure (3 storeys). The ductility demands in these columns are increased when compared with the ones without the pounding effect. In the case where the two buildings are in contact (e=0) these demands appear to be higher than the available ductility values. Moreover, in all their examined cases the developing shear forces exceed the shear strength of the column many times during the seismic excitation.

6.4.3 Effect of pounding between MRF 3 and MRF 4
The impact between a slab and a column is studied for two moment resisting frames having similar total height (Figure 6‑86). The structures are designed under a PGA=0,4g and three stand-off distances are used: 0,08m; 0,04 m and 0,004m. It is expected that the important problem in the case of inter-floor pounding of reinforced concrete structures is the development of critical shear state, since in these cases the demands of flexural ductility can more safely be satisfied. Furthermore, the fact that the failure of reinforced concrete members due to shear is brittle lead the investigation of inter-floor pounding to the examination of the developing shear forces and their comparisons to the corresponding shear strength. Pounding at the mid-height of the column produces the maximum flexural moment of the element but not the maximum shear force as well; in fact, the two parts of the column (the upper and the down part) suffer the same shear force, which is equal to half of the impact force. Thus pounding cases at points of the column different to the mid-height have been chosen for this investigation (1/3 – 2/3).
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Figure 6‑86.
Structures under consideration for Case C (dimensions in meters)
The labels attributed to each joints and frames element are shown at Figure 6‑87.
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Figure 6‑87.
Labels of the beams, columns and node for MRF 3 and MRF 4
Few similar analyses have been made previously to show the dependence of the response to the parameters of pounding modelling [Warnotte, 2005]. These examples were developed for the case of impact between two slabs. However, this part of the work deals with the impact between a slab and a column. The problem concerns the definition of the stiffness of pounding. A domain for the value of stiffness is first defined and then the variability of the response is shown. To identify clearly the response, the impact is supposed to take place only in the top storey of MRF 4. The stiffness of impact is equal to the flexural stiffness of the column in series with the axial stiffness of the slab (see Figure 6‑88).

[image: image239.wmf]
Figure 6‑88.
Model of an impact between a slab and a column
Whereas the axial stiffness of the slab is well defined, the flexural stiffness of the impacted column depends in a great manner of the support (embedded or hinged). Two models have been studied. The first one (case 1) with an equivalent stiffness computed with an embedded column and the second one (case 2) with a hinged column.

Table 6‑56 shows that the differences observed in contact forces are not great and allow the use of two stiffnesses acting in series as pounding modelling. The first stiffness is the axial stiffness of a slab and the second one is the flexural stiffness of an embedded column.
Table 6‑56.  
Differences observed in the force of contact

	Forces 
in contact (kN)
	Case 1 

(slab - embedded column)
	Case 2
(slab - hinged column)
	(Case1 - Case2)/ Case 1 *100

	Accelerogram 1
	496
	585
	-18

	Accelerogram 2
	862
	898
	-4

	Accelerogram 3
	1112
	891
	20


Once the assumptions of the model are made, the effects of the pounding in the structures can be studied. 
Figure 6‑89 shows the place where an increase in ductility demand due to pounding is observed. The case of a stand-off distance equal to 0,08 m does not require a substantial increase in ductility and is not represented in this figure. For e=0,04 m, there is formation of plastic hinges in the node B15 (third top column of MRF 3). For e=0,004 m, there is, in addition to plastic hinges in B15, formation of plastic hinges in H12 (third top column of MRF 4).
[image: image240.wmf]Stand-off distance 0,04 m
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Figure 6‑89.
Position of an increase in ductility demand for accelerogram 2 due to pounding between MRF 3 and MRF 4
As the stand-off distance decreases, the displacement of the MRF 3 system increases (Figure 6‑90). The displacements of MRF 4 (Figure 6‑91) are more difficult to analyse. Indeed for this structure, no general tend can be found. Moreover, it is surprising that the displacement to the left part (opposite to the pounding side) is higher for e=0,004 m than for e=0,08 m.
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Figure 6‑90.
Peak displacements observed in each storey of MRF 3
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Figure 6‑91.
Peak displacements observed in each storey of MRF 4
The problems due to an increase in displacements and so in interstorey drifts are an increase in bending moment due to P-∆ effect and damage to the secondary element. In the case under consideration, the P-∆ sensitivity coefficient θ is still under the limit value of 0,10. However, there is more and more storey with damage as the stand-off distance decrease.
An important remark to make is about the importance of the chosen accelerogram. To illustrate the remark a comparison of the displacement of node B15 and H13 during accelerogram 1 (Figure 6‑92) and 2 (Figure 6‑93) is made. Even without pounding during accelerogram 1, the node B15 and H13 tends respectively to oscillate on the left and on the right of their original position. This phenomenon does not appear during accelerogram 2. As expected, during the beginning of both accelerograms, pounding forces are greater for accelerogram 2 than in the two other accelerograms. They generate rapidly the formation of plastic hinges around the node B15. This formation produces a high increase in displacements of B15 in the direction opposite to pounding. In the beginning of accelerogram 1, there is also pounding but the forces of contact do not produce the formation of plastic hinges around B15. There is only an exchange of energy between the structures. It is only at the end of accelerogram 1 (~ 11,5 sec) that the plastic hinges around B15 are formed. This illustrates the great differences observed between two accelerograms representing the same response spectrum. In the same manner, an acceleration in one direction is not equivalent (regarding pounding phenomenon) to the same acceleration but acting in opposite direction.
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Figure 6‑92.
Evolution of the displacement of B15 and H13 during accelerogram 1
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Figure 6‑93.
Evolution of the displacement of B15 and H13 during accelerogram 2
Table 6‑57 reports the maximum shear action effect and shear resistance for the columns of MRF 3 situated on the side of pounding. In the upper storeys, the columns are destroyed whatever the stand-off distance is; on the contrary, the columns of the lower storeys are damaged only for small stand-off distances. 
Table 6‑57.  
Comparison of the shear action effect and the shear resistance for MRF 3

	MRF 3
	VEd pounding /VEd No Pounding
	VEd/VRd

	
	e=0,08
 m
	e = 0,04 m
	e = 0,004 m
	No Pounding
	e=0,08 m
	e = 0,04 m
	e = 0,004 m

	Storey 4
	B21
	Max
	0,88
	0,86
	1,52
	0,40
	0,36
	0,35
	0,61

	
	
	Min
	2,25
	2,79
	2,88
	0,65
	1,47
	1,82
	1,88

	
	B18
	Max
	5,94
	9,11
	8,86
	0,42
	2,51
	3,85
	3,74

	
	
	Min
	1,00
	1,00
	1,11
	0,67
	0,67
	0,67
	0,74

	Storey 3
	B15
	Max
	0,96
	0,95
	0,91
	0,69
	0,66
	0,65
	0,62

	
	
	Min
	1,12
	1,37
	1,43
	0,82
	0,91
	1,12
	1,17

	
	B12
	Max
	0,97
	0,96
	0,96
	0,69
	0,67
	0,66
	0,67

	
	
	Min
	1,22
	1,44
	1,50
	0,82
	1,00
	1,18
	1,23

	Storey 2
	B9
	Max
	0,99
	0,94
	0,96
	0,80
	0,79
	0,74
	0,76

	
	
	Min
	1,01
	1,01
	1,15
	0,98
	0,99
	0,99
	1,12

	
	B6
	Max
	0,99
	0,93
	1,52
	0,81
	0,80
	0,75
	1,23

	
	
	Min
	1,01
	1,01
	1,09
	1,00
	1,01
	1,01
	1,09

	Storey 1
	B3
	Max
	1,00
	1,00
	1,06
	0,76
	0,77
	0,76
	0,81

	
	
	Min
	1,00
	1,00
	1,07
	0,89
	0,89
	0,89
	0,95


Table 6‑58 shows that even if due to pounding an increase of shear action effects in column is regularly observed the shear resistance is exceeded only for a stand-off distance equal to 0,004 m.
Table 6‑58.  
Comparison of the shear action effect and the shear resistance for MRF 4
	MRF 3
	VEd pounding /VEd No Pounding
	VEd/VRd

	
	e=0,08

 m
	e = 0,04 m
	e = 0,004 m
	No Pounding
	e=0,08 m
	e = 0,04 m
	e = 0,004 m

	Storey 3
	H16
	Max
	1,06
	1,49
	4,26
	0,37
	0,40
	0,55
	1,59

	
	
	Min
	1,49
	1,96
	2,26
	0,26
	0,39
	0,51
	0,59

	
	H13
	Max
	1,06
	1,44
	1,25
	0,40
	0,43
	0,58
	0,50

	
	
	Min
	1,40
	1,80
	3,08
	0,29
	0,41
	0,53
	0,90

	Storey 2
	H10
	Max
	1,00
	1,00
	1,25
	0,59
	0,59
	0,59
	0,74

	
	
	Min
	0,99
	0,95
	1,10
	0,56
	0,56
	0,53
	0,62

	
	H7
	Max
	0,99
	1,00
	1,18
	0,61
	0,61
	0,61
	0,72

	
	
	Min
	0,99
	0,94
	1,04
	0,60
	0,59
	0,56
	0,62

	Storey 1
	H4
	Max
	1,08
	1,07
	1,07
	0,83
	0,89
	0,88
	0,89

	
	
	Min
	1,00
	1,01
	0,99
	0,76
	0,75
	0,76
	0,75

	
	H1
	Max
	1,14
	1,11
	1,10
	0,80
	0,91
	0,89
	0,88

	
	
	Min
	1,00
	1,01
	0,99
	0,74
	0,74
	0,75
	0,73


One remarkable point is that the peaks of shear are more pronounced for the flexible structure (MRF 3) than for the stiffer one (MRF 4).

As expected, the number of places where pounding occurs increases as the stand-off distance decrease. Moreover, the maximum forces decrease with the height.

Table 6‑59.  
Maximum forces of contact (in kN)
	Label in contact
	Height (m)
	e=0,08 m
	e = 0,04 m
	e=0,004 m

	B15-H13
	10
	785
	1115
	1114

	B14-H12
	9
	0
	111
	404

	B11-H9
	7
	0
	0
	376

	B10-H8
	6
	0
	0
	157

	B7-H5
	4
	0
	0
	211

	B6-H4
	3
	0
	0
	70


As found in the previous case (A and B), accelerations peaks due to pounding are observed. These peaks could lead to damage to non-structural elements and affect the equipment.
6.4.4 Effect of mitigation between MRF 3 and MRF 4

Various types of links are tested to connect MRF 3 to MRF 4. First, different properties of hinge-ended beams are experienced. Second, different types of dampers connectors are used to mitigate pounding effects.
6.4.4.1 Hinge-ended beams between MRF 3 and MRF 4

Various properties and positions of hinge-ended beams are tested to connect MRF 3 separated by 0,08 m from MRF 4. Three stiffness, 9300 kN/m, 50 000 kN/m and 500 000 kN/m, are tested for the two position, type 1 and 2 presented at Figure 6‑94. 
[image: image246.emf]MRF 3


MRF 4


MRF 3


MRF 4


Type 1


Type 2




MRF 3 MRF 4 MRF 3 MRF 4

Type 1 Type 2


Figure 6‑94.
Representation of the two positions tested for the hinge-ended beams in case C
Figure 6‑95 and Figure 6‑96 represent the peak displacement observed in each storey of the connected and free structures.
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Figure 6‑95.
Peak displacements observed in MRF 3 connected by hinge-ended beams
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Figure 6‑96.
Peak displacements observed in MRF 4 connected by hinge-ended beams

Table 6‑60 and Table 6‑61 compare the shear action effects and the shear resistances for each structure. As long as the pounding is not completely preventing (see Table 6‑62), the shear action effect is higher than the shear resistance. This observation shows the important effects of an impact between a slab and a column. Whereas when considering impact between two slabs pounding can sometimes be allowed, possible impact between slab and column must be avoided!
Table 6‑60.  
Comparison of VEd to VRd in MRF 3 connected with hinge-ended beams to MRF 4
	MRF 3
	VEd/VRd

	
	without Pounding
	e=0,08 m
	kc=9300 kN/m (type 1)
	kc=9300 kN/m (type 2)
	kc=50 000 kN/m (type 1)
	kc=50 000 kN/m (type 2)
	kc=500 000 kN/m (type 1)
	kc=500 000 kN/m (type 2)

	Storey
4
	B21
	Max
	0,40
	0,36
	0,36
	0,36
	0,39
	0,36
	0,38
	0,35

	
	
	Min
	0,65
	1,47
	1,35
	1,59
	1,82
	1,75
	1,88
	0,71

	
	B18
	Max
	0,42
	2,51
	2,42
	3,11
	3,41
	2,89
	3,33
	0,39

	
	
	Min
	0,67
	0,67
	0,75
	0,73
	0,75
	0,68
	0,73
	0,74

	Storey

3
	B15
	Max
	0,69
	0,66
	0,66
	0,67
	0,68
	0,67
	1,24
	0,61

	
	
	Min
	0,82
	0,91
	1,01
	0,99
	1,17
	0,99
	1,11
	0,74

	
	B12
	Max
	0,69
	0,67
	0,67
	0,68
	0,69
	0,68
	1,17
	0,62

	
	
	Min
	0,82
	1,00
	1,09
	1,08
	1,27
	1,09
	1,18
	0,76

	Storey
2
	B9
	Max
	0,80
	0,79
	0,79
	0,78
	0,78
	0,75
	1,26
	0,70

	
	
	Min
	0,98
	0,99
	0,99
	1,01
	1,00
	1,03
	1,83
	0,93

	
	B6
	Max
	0,81
	0,80
	0,80
	0,79
	0,79
	0,78
	1,01
	0,71

	
	
	Min
	1,00
	1,01
	1,01
	1,01
	1,03
	1,05
	1,77
	0,96

	Storey
1
	B3
	Max
	0,76
	0,77
	0,77
	0,75
	0,73
	0,78
	0,80
	0,79

	
	
	Min
	0,89
	0,89
	0,88
	0,87
	0,88
	0,87
	0,94
	0,77


Table 6‑61.  
Comparison of VEd to VRd in MRF 4 connected with hinge-ended beams to MRF 3
	MRF 4
	VEd/VRd

	
	without Pounding
	e=0,08 m
	kc=9300 kN/m (type 1)
	kc=9300 kN/m (type 2)
	kc=50 000 kN/m (type 1)
	kc=50 000 kN/m (type 2)
	kc=500 000 kN/m (type 1)
	kc=500 000 kN/m (type 2)

	Storey 3
	H16
	Max
	0,37
	0,40
	0,40
	0,44
	0,50
	0,50
	0,47
	0,44

	
	
	Min
	0,26
	0,39
	0,38
	0,33
	0,44
	0,39
	0,57
	0,27

	
	H13
	Max
	0,40
	0,43
	0,43
	0,47
	0,52
	0,53
	0,50
	0,45

	
	
	Min
	0,29
	0,41
	0,40
	0,35
	0,45
	0,41
	0,60
	0,29

	Storey 2
	H10
	Max
	0,59
	0,59
	0,58
	0,58
	0,61
	0,57
	0,68
	0,61

	
	
	Min
	0,56
	0,56
	0,55
	0,54
	0,51
	0,52
	0,55
	0,49

	
	H7
	Max
	0,61
	0,61
	0,94
	0,93
	0,62
	0,60
	0,70
	0,62

	
	
	Min
	0,60
	0,59
	0,75
	0,76
	0,53
	0,54
	0,54
	0,51

	Storey 1
	H4
	Max
	0,78
	0,84
	0,56
	0,56
	0,82
	0,77
	1,13
	0,69

	
	
	Min
	0,71
	0,71
	0,54
	0,53
	0,78
	0,72
	0,83
	0,72

	
	H1
	Max
	0,80
	0,91
	0,92
	0,93
	0,91
	0,82
	1,26
	0,70

	
	
	Min
	0,74
	0,74
	0,74
	0,75
	0,81
	0,75
	0,87
	0,76


Table 6‑62.  
Maximum force of contact (kN) between MRF 3 and MRF 4 for hinge-ended beams
	Label in contact
	Height (m)
	e=0,08 m
	kc=9300 kN/m (type 1)
	kc=9300 kN/m (type 2)
	kc=50 000 kN/m (type 1)
	kc=50 000 kN/m (type 2)
	kc=500 000 kN/m (type 1)
	kc=500 000 kN/m (type 2)

	B15-H13
	10
	785
	748
	878
	1031
	915
	969
	0

	B14-H12
	9
	0
	0
	0
	0
	0
	25
	0

	B11-H9
	7
	0
	0
	0
	0
	0
	0
	0

	B10-H8
	6
	0
	0
	0
	0
	0
	0
	0

	B7-H5
	4
	0
	0
	0
	0
	0
	0
	0

	B6-H4
	3
	0
	0
	0
	0
	0
	0
	0


The differences observed for kc=500 000 kN/m type 1 or 2 illustrate the importance of the position of the links in the case of impact between a slab and a column. The type 1 connector forces equivalent displacement of node B14 and H13 at each instant. As shown in Figure 6‑97, this constraint does not forced node B15 and H13 to oscillate together. Whereas the type 2 connector forces the two extremities (B14 and B18) of the possible impacted column to oscillate together with the slab of the adjacent structure (H13), this constraint completely avoid possible pounding.
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Figure 6‑97.
Evolution of the displacement of B15 and H13 connected with kc=500 000kN/m during accelerogram 1 

Figure 6‑98 and Figure 6‑99 illustrate the differences observed in the deformed shape of both structure at the instant of impact (8,75 sec) in case of linking with kc=500 000 kN/m Type 1 during accelerogram 1. The structures seem to interpenetrate each other but this is only due to the use of a high scale factor.
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Figure 6‑98.
Deformed shape of MRF 3 and MRF 4 connected with kc=500 000 kN/m (type 1) at 8,75 sec of accelerogram 
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Figure 6‑99.
Deformed shape of MRF 3 and MRF 4 connected with kc=500 000 kN/m (type 2) at 8,75 sec of accelerogram

The results are similar for the case of a stand-off distance equal to 0,04 m with the difference that using a higher stiffness is needed to avoid pounding.

The used of hinged connectors of 500 000 kN/m placed between each slab counteract the problems of pounding met between MRF 3 separated by 0,08 m from MRF 4. However, using these links increase the ductility demand of the stiffest structure. This observation is logical because connecting the structures forces them to work together. In the next chapter, using dampers connectors are tested to work against this regretful effect.
6.4.4.2 Viscoelastic Dampers between MRF 3 and MRF 4

Two papers found in literature, Zhu and Iemura [2000] and Zhu and Xu [2005], proposed analytical formulas for determining optimum parameters of dampers used to link two adjacent structures. These papers use the principle of minimizing the averaged vibration energy of either the primary structure or the two adjacent structures. 

Each structure in these papers is modelled as a SDOF system but the model realised in this study is a non-linear MDOF system. However, the properties proposed by the analytical formulas are used and placed to connect each storey of the adjacent buildings, as represented in Figure 6‑100.

[image: image252.emf]Connector




Connector


Figure 6‑100.    Position of connectors used between MRF 3 and MRF 4 (e=0,08m)

Table 6‑63.  
Properties of the dissipaters link used between MRF 3and MRF 4 (e=0,08m)

	
	Type of dampers
	Model
	Primary structure = MRF 3 (criterion 1)
	The two adjacent structures (criterion 2)

	Zhu and Xu (2005)
	Fluid viscous dampers
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	kc infinitively stiff

cc=308 kN.sec/m
	kc=31662 kN/m

cc=308 kN.sec/m

	Zhu and Iemura 
(2000)
	Viscoelastic dampers
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c


	kc infinitively stiff

cc=175 kN.sec/m
	kc infinitively stiff

cc=281 kN.sec/m


The first stand-off distance studied is the highest: e=0,08m. The first effect noticed is that the parameters used for the fluid dampers links do not prevent the structures to pound each other; whereas, those used for the viscoelastic dampers do.
Figure 6‑101 and Figure 6‑102 show the peak displacements observed in each storey of the connected MRF 3 and MRF 4 structures. The displacements of MRF 4 increase when connected with a viscoelastic dampers to MRF 3. The P-Δ and the limitation are still in the limit recommended by Eurocode 8.
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Figure 6‑101.    Peak displacements observed in MRF 3 linked by a dissipative link (e=0,08 m)
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Figure 6‑102.    Peak displacements observed in MRF 4 linked by a dissipative link (e=0,08 m)

The proposed parameters of fluid dampers do not mitigate the shear brittle failure caused in the columns. Whereas, both viscoelastic criterion (giving similar parameters indeed) proposed by Zhu and Iemura conduct to smaller shear action effects than shear resistance. 
As found for the hinge-ended beams connectors, results are similar for the case of a stand-off distance equal to 0,04 m with the difference that using a higher stiffness is needed to avoid pounding.

The advantage met when using dampers connectors is that the rotational ductility demand is not increased in the stiffest building.
Table 6‑64.  
Comparison of VRd to VEd in MRF 3 connected with a dissipative link to MRF 4
	MRF 3
	VEd/VRd

	
	without Pounding
	e=0,08 m
	Fluid dampers (crit. 1)
	Fluid dampers (crit. 2)
	Viscoelastic dampers (crit. 1)
	Viscoelastic dampers (crit. 2)

	Storey 4
	B21
	Max
	0,40
	0,36
	0,36
	0,37
	0,35
	0,35

	
	
	Min
	0,65
	1,47
	1,41
	1,43
	0,71
	0,71

	
	B18
	Max
	0,42
	2,51
	2,54
	2,03
	0,39
	0,39

	
	
	Min
	0,67
	0,67
	0,75
	0,78
	0,74
	0,74

	Storey 3
	B15
	Max
	0,69
	0,66
	0,66
	0,68
	0,61
	0,61

	
	
	Min
	0,82
	0,91
	1,00
	0,88
	0,74
	0,74

	
	B12
	Max
	0,69
	0,67
	0,67
	0,69
	0,62
	0,62

	
	
	Min
	0,82
	1,00
	1,08
	0,93
	0,76
	0,76

	Storey 2
	B9
	Max
	0,80
	0,79
	0,79
	0,78
	0,70
	0,70

	
	
	Min
	0,98
	0,99
	0,99
	0,98
	0,93
	0,93

	
	B6
	Max
	0,81
	0,80
	0,80
	0,79
	0,71
	0,71

	
	
	Min
	1,00
	1,01
	1,01
	1,01
	0,96
	0,96

	Storey 1
	B3
	Max
	0,76
	0,77
	0,76
	0,75
	0,78
	0,78

	
	
	Min
	0,89
	0,89
	0,89
	0,88
	0,77
	0,77


Table 6‑65.  
Comparison of VRd to VEd in MRF 4 connected with a dissipative link to MRF 3
	MRF 4
	VEd/VRd

	
	without Pounding
	e=0,08 m
	Fluid dampers (crit. 1)
	Fluid dampers (crit. 2)
	Viscoelastic dampers (crit. 1)
	Viscoelastic dampers (crit. 2)

	Storey 3
	H16
	Max
	0,37
	0,40
	0,43
	0,41
	0,44
	0,44

	
	
	Min
	0,26
	0,39
	0,38
	0,28
	0,27
	0,27

	
	H13
	Max
	0,40
	0,43
	0,46
	0,45
	0,45
	0,45

	
	
	Min
	0,29
	0,41
	0,40
	0,31
	0,29
	0,29

	Storey 2
	H10
	Max
	0,59
	0,59
	0,59
	0,58
	0,61
	0,61

	
	
	Min
	0,56
	0,56
	0,56
	0,54
	0,53
	0,53

	
	H7
	Max
	0,61
	0,61
	0,61
	0,59
	0,62
	0,62

	
	
	Min
	0,60
	0,59
	0,59
	0,57
	0,55
	0,55

	Storey 1
	H4
	Max
	0,83
	0,89
	0,84
	0,81
	0,73
	0,73

	
	
	Min
	0,76
	0,75
	0,76
	0,78
	0,76
	0,76

	
	H1
	Max
	0,80
	0,91
	0,85
	0,80
	0,70
	0,70

	
	
	Min
	0,74
	0,74
	0,74
	0,76
	0,75
	0,74


6.4.5 Conclusions

It is important to mention that the results presented in this study are based on one case only. However, the lessons of this detail case give already important informations. Moreover, the effects of pounding in case C can be view as the superposition of a global effect, similar to case A or B, and a local effect, the destruction of the impacted column(s). Whatever the stand-off distance is, a column impacted by a slab is destroyed by the impact forces (peak of shears that cause a brittle failure).
Table 6‑66.  
Review of the effect of pounding in case C

	Case considered
	Hypothesis
	Results
	Effect
	Danger

	MRF 3

[T=0,916s W=1974 kN] 

and MRF 4 

[T=0,66s

W=936 kN] 

(0,4.g)
	Pounding for

e = 0,08 m;

e = 0,04 m;

e = 0,004 m
	Ductility demand
	as e decrease, the required plastic rotations increase in beams and in the impacted columns
	Failure of elements due to excessive rotations

	
	
	Displacements
	Flexible system: Amplification of the displacement as the stand-off distance e decrease
	Problems with P-Δ effect and damage to secondary elements

	
	
	Shear action
 effects
	High increase in the impacted columns of both system
	Shear brittle failure

	
	
	Accelerations
	Peak accelerations for both structures
	Affect the equipment and the secondary element


To mitigate pounding effect in case of a column impacted by a slab, the most important thing to make is to prevent the impact. Using a sufficiently stiff link can work but may lead to adverse effects by forcing the structures to oscillate together. The used of a dissipative links (based on Zhu and Iemura for example) even if more expansive completely counteract the pounding problem without introducing unfavourable effects. 

Table 6‑67.  
Review of the effect of mitigation in case C

	Case considered
	Hypothesis
	Results
	Effect

	MRF 3

[T=0,916s W=1974 kN] 

and MRF 4 

[T=0,66s

W=936 kN] 

(0,4.g)
	Hinged 

link for e=0,08m  and e=0,04 m

(kc=500 000kN/m)
	Impact
	If the stiffness of the connector is high enough and placed between each storey than impact is eliminated.

	
	
	Displacements
	The hinge-ended beam forces the structures to behave as only one. The designers must look after the acceptation of these modifications.

	
	
	Accelerations
	The accelerations peaks disappear.

	
	
	Shear Forces 
	The shear action forces become smaller than the shear resistance.

	
	Fluid viscous dampers based on Zhu and Xu [2005] for e=0,08 m and e=0,04 m
	The parameters proposed do not prevent pounding.

	
	Viscoelastic dampers based on Zhu and Iemura [2000] ] for e=0,08 m and e=0,04 m
	Impact
	Using a sufficiently stiff connector preclude pounding

	
	
	Displacements
	A slight increase is observed in the stiffest building but the damage limitation, P-Δ effect and ductility demand stay in the admissible limitation.

	
	
	Accelerations
	The accelerations peaks disappear.

	
	
	Shear Forces 
	The shear action forces become smaller than the shear resistance.


6.5 Case D: Buildings with a small seating length (Unseating problem)
6.5.1 Introduction

When one structure supports beams of the adjacent structure (at an expansion joint for instance), then collapse can occur if the distance between them increases. Examples include the falling of bridge decks from supports as well as falling of floor decks from shared bearing walls of adjacent buildings. This problem is not pounding, but has some relationship with it since it is a problem of adjacent structure. Moreover, previous analyses show that the pounding may increase or decrease the relative displacements between two systems according to the given conditions. Some data on the problem is summarized below. 

6.5.2 Observations from past earthquakes

Various observations of unseating of beams are made as well in the decks as in the buildings. A brief summary of these are presented below.
During the Great Alaska earthquake [1964], the 14-storey Anchorage Westward Hotel was damaged due to pounding against its low rise ballroom and an adjacent 6-storey wing. Despite a 10 cm separation, the pounding was strong enough to dislocate the metal floor decking from its steel beam supports (Arnold, 1989).

During the Taiwan Jiji Earthquake of 1999, in the end span where the viaduct connects to the cable stayed bridge, one of the viaduct decks deflected sufficiently relative to the bent cap that it fell transversely off the supporting bearings (Figure 6‑103).
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Figure 6‑103.    End of span of a viaduct (Taiwan Jiji Earthquake 1999)
During the El Salvador earthquake of 2001, the structure shown in Figure 6‑104 is comprised of two separate structural towers, both of which were slightly damaged due to pounding. The expansion joint between the two structural units obviously could not accommodate the seismic movements imparted by the January 2001 event. 
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Figure 6‑104.    Pounding damage and loss of beams support at upper levels of mid-rise structure
6.5.3 Retrofit concepts

The problem of unseating of beams has been widely studied within the framework of bridges. The proposed way of mitigation is extensively inspired of these researches. It was recognized that, for bridges, to retrofit this deficiency is comparatively straightforward and inexpensive. 

There are two possible courses of action when displacements at movement joints are judged excessive. Restrainers may be placed across the joint in an attempt to reduce the relative displacements (restrainers), or the displacement capacity of the movement joint can be increased (seat extenders). Often in bridges, both actions are taken (belt and braces) because even with conservative assumptions about relative displacement, general uncertainties about seismic input characteristics are present.

6.5.3.1 Restrainers (Seismic links)
The restrainers used in combination with bearings must be provided with appropriate slack, to be activated only in the case when the design seismic displacement is exceeded. Restrainers details should be checked to ensure that they are capable of sustaining the anticipated displacements without failure. Early restrainers designs were often based more on intuition than on relevant analysis, and the factors governing response are complex. Connection and anchorage details were often such that brittle failure can be expected when, or before, yield strength is reached.

The principal problem met is how to design strength and stiffness of restrainers. Two rational methods can be used.

The first involves dynamic time-history analysis, where the strength and stiffness of the restrainers can be varied until acceptable results are obtained. Only non-elastic time-history analyses can be expected to yield realistic estimates of relative displacements across movement joints and hence of restrainers forces. Studies on bridges show that restrainers are relatively inefficient (the restrainers have little influence on the magnitude of movement joint opening) unless the restrainer stiffness is at least as large as the stiffness of the more flexible of the two frames connected across the joint. 
The second approach is based on simple observations from the dynamic analysis. The analyses indicated that the connected frames responded essentially in-phase during maximum response. Consequently, the maximum tensile force between the frames should be equal to the difference between the frame overstrength longitudinal shear capacities. Thus the maximum restrainer design force should be 
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 are the overstrength capacities, found from summing the overstrength capacities of all columns in each frame. 

As well as being used to restrain displacements, restrainers may be placed in order that longitudinal seismic force can be transferred between adjacent frames.

Kim S.-H. et al. [2000] found that the restrainers reduce the relative displacements efficiently lowering the probability of span failure.

Kawashima & Shoji [2000] studied the effect of a shock absorbing device (Figure 6‑105). It is a prestressed cable restrainer and a compression cushion. A natural rubber is set in both the restrainers and the cushion so that it is effective when gap between the decks becomes larger or smaller beyond the movable range of the restrainer and the cushion.

[image: image262.jpg]Shock absorbing device

\




Figure 6‑105.    Cable restrainer and cushion

Takeno et al. [2004] proposed a method to design connecting devices and shock absorber for preventing bridge girders from becoming unseated during strong seismic motion. The necessary strength and cross-sectional area of the connecting cable are derived based on conservation of energy considerations, and the shock stress arising when the device becomes active. The installation of a shock absorber with optimum stiffness is based on its deformation limit and on the cable stiffness. 
Plumier et al. [2005] make an elastic analysis of an existing 20-storey reinforced concrete moment resisting frame divided in 3 blocks. It shows that beams supported on corbels of the adjacent block at the expansion joint loose their support when each independent block vibrate on its own under earthquake. Different reconnection hypothesis were considered. A detail description of this work is presented at paragraph 6.5.4.
Beside the traditional elastic spring, placing hydraulic dampers in movement joints, which are effective in reducing displacements under high-velocity input, have also been used. These devices are called shock transmission units (STUs) in the Eurocode 8 part on bridges. The objective is to permit developing displacements such as those due to thermal and creep effects but limiting the response under dynamic actions, not necessarily due to earthquake (e.g., braking loads). The jacks were therefore mounted in the longitudinal direction, usually at locations of thermal gaps. Typical devices were characterized by low forces for velocities slower than about 1mm/s and by a substantially rigid response for higher velocities. It is obviously possible, and it has been attempted, to design hydraulic devices with damping forces proportional to the velocity of isolator deformation for the velocity range typical of earthquakes actions. High-viscosity silicone liquids have been tested, without great success because of a number of difficulties, such as the increases in silicone volume due to temperature and to the tendency of the silicone liquid to cavitate under negative pressure. The devices can also have a force limiting function that limits the force transmitted through it to a defined upper bound beyond which movement takes place.
Kim, Feng and Shinozuka [2000] investigate the efficacy of using energy dissipating restrainers at expansion joints. The restrainers consist of a non-linear viscous damper and an elastic spring connected in parallel or in series. They demonstrate that the energy dissipating restrainers are effective in reducing the relative opening displacements and impact forces due to pounding at the expansion joints, without significantly increasing ductility demands in the bridge substructures. The elastic springs, which are the current restrainers used in seismic retrofit, are found to be far less effective than the non-linear viscous damper.
6.5.3.2 Seat extenders

The minimum overlap is intended to ensure that the function of the support is maintained under extreme seismic displacements. Where locking movement joints is undesirable or impracticable, more reliance should be placed on extending the effective seating length of the movement joint than on limiting displacements with flexible restrainers unless non-linear time history analyses are carried out to determine the effectiveness of the design. 

Seat extenders are generally comparatively simple and inexpensive to install. Support lengths at abutment or under simply supported spans may be increased by corbels or brackets added to the sides of abutment or bents (Figure 6‑106). If this direct seat extension is not possible, two alternatives exist. The first involved thick-walled pipe seat extenders, which are connected to the diaphragms on one side of a movement joint and slide freely through the other diaphragms. These strong pipes are designed to have sufficient strength to support the entire dead-load shear if the seismic displacement is such that the seating support is lost. With the second approach, a series of underslung beams is bolted to the diaphragms of the supporting half of the movement joint and designed to carry the span by cantilever action if unseating occurs. Although less expensive than the pipes seat-extender option, this solution is rather unsightly and involves considerable displacement before the beams can support the load. Dynamic impact effect must be considered in design of underslung beams, which will have maximum instantaneous force levels at least twice the gravity load without considering additional effects from vertical seismic response.
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Figure 6‑106.    Corbels and brackets for bearing supported superstructures
Ruangrassamee and Kawashima [2000] present an important point to know about pounding and seat length. They found that due to the pounding the relative displacement between two adjacent bridge segments can be amplified, resulting in the requirement of a longer seat length to support a deck. They proposed a value of the seat length by the application of the relative displacement response spectra with pounding effect.
6.5.4 Real case design of restrainers by University of Liege

Plumier et al. [2005] make an elastic analysis of an existing 20-storey reinforced concrete moment resisting frame divided in 3 blocks. Due to the S-shape in plan of the building (Figure 6‑107) and several irregularities, a three-dimensional linear elastic modal superposition analysis was necessary. It shows that beams supported on corbels of the adjacent block at the expansion joint loose their support when each independent block vibrate on its own under earthquake.
Indeed, beams are supported on corbels over the expansion joints and the displacements of one block, which reach 250 to 500 mm in the upper storeys, exceed by far the joint clearance (50 mm) and the dimensions of the supporting corbels (100 mm)(Figure 6‑108).
Pounding may be acceptable, due to the fact that beams in adjacent blocks are at the same levels, but separation of blocks and the consequent failure and fall down of rows of rooms is unacceptable. The solution proposed consists in closing the joints in order to prevent large relative displacements between the blocks. A proper “re-connection” of the 3 blocks constituting the structure has been defined.
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Figure 6‑107.    The S shape building and its 3 Units
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Figure 6‑108.    Beams loosing support at expansion joint
Two steps have been realised in the analysis of the structure by numerical modelling:

1. Two preliminary studies on the influence of the reconnection type and of the distribution over the height of the structure. 

2. The modelling of a set of situations, which appeared as best options for detailed design of connections, providing better evaluation of the forces in the connections.

A first study using dynamic elastic analysis (modal superposition) was realized for different degrees of reconnection but with reconnection applied in the 4 lines of longitudinal frames.
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Figure 6‑109.    Location of the connecting elements

Several combinations of blocked storeys with different imposed restraints have been considered. From the analysis, it appears that :

· transmitting local bending moments or torsion moments does not change the axial and shear forces transmitted ;
· the number of reconnected storey can be reduced, coming down to only one on every 3 storeys, but then the values of the reconnection forces at one storey increase and is more difficult to transmit ;
· the orders of magnitude of reconnection forces found are manageable ones, meaning that reasonable design solutions are possible. 

The results indicate that the reconnection at 4 points (1 to 4 at Figure 6‑109), which creates a diaphragm with high continuous stiffness; "call" high bending moments of vertical axis in the “beam” diaphragm. This generates high stresses in the section of the diaphragm at the joint. A reconnection allowing a relative rotation of vertical axis between blocks around a vertical axis obviate these high bending stresses in the diaphragm. Another potential positive influence of a “hinged” reconnection of blocks is the greater flexibility in that case than in a rigid reconnection. Increasing periods of the structure corresponds to reduce pseudo acceleration and base shear. The results of the analysis indicate that :
· forces at the reconnection point are lower than in the case where all 4 points are connected ;
· forces at reconnection are lower when hinges are in the interior side of the curves. This conclusion is due to the fact that the reconnection at the interior side involves less eccentricity in transmission of interaction forces, so that forces are lower.
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Figure 6‑110.    Position of hinged reconnection 

The design of reconnection should not provide bending resistance of vertical axis between blocks. A way to materialize this free relative rotation move between blocks consist in connecting the 2 interiors frames over the expansion joints by means of long rods connected to the concrete frame in such a way that they are activated in tension only. Then, only one rod is active (in tension) in the presence of a rotation of vertical axis at the joint. This rod slows down the separation move between blocks, but does not interfere (in fact, create, a bending moment). In addition, to avoid carrying compression at the expansion joints, the gaps in those joints are not filled with any material. There can be a relative rotation (Figure 6‑111) under seismic action. The hinge point is at the connecting rod under tension and the relative movement is on the "compression" side. There the existing gap is wide enough to allow free relative rotations between blocks of the value and displacement previously computed in the first set of dynamic modal analysis. In addition, to avoid carrying compression at the expansion joints, the gaps in those joints are not filled with any material.
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Figure 6‑111.    Principle of reconnection (long rods) and how they achieve a hinged connection

The long rods are 5m long Dywidag bars. These ones have been selected because they are provided with a special type of thread that does not create stress concentrations in the bars, so that the rod connections are more resistant than the bars themselves. This “capacity design” was retained to prevent failure in the rod in case some yielding would take place. In principle, the design of the section is such that there should not be such yielding, but this capacity design concept was thought necessary to mitigate the uncertainties of the analysis.
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Figure 6‑112.    Connection of Dywidag rods to longitudinal beam
6.6 Case E: Buildings in a row

6.6.1 Introduction

When several building are next to each other forming a row in a block, then there is some evidence that the end buildings are more heavily penalized by pounding. For buildings in series, the pendulum effect causes large movement and damage to the buildings at the ends; conceptually, this might be considered as the end building pounded by collected heavy mass of all the other buildings in series. This can have an intuitive explanation: a building at the end of a row pounds on one side only while being free to move towards the opposite side. A building between two other buildings pound on both sides, but it is not free to move excessively in either direction.

6.6.2 Observations from past earthquake

There is a notion among some structural engineers who have made post-earthquake damage surveys that interior buildings in a block may actually benefit from their contact with the adjacent buildings. 
It exists however, counter-example showing that structures can be damaged due to the restraint brought by the adjacent buildings. For example, a flexible commercial building was, during the earthquake in Mexico City in September 1985, in a vice-like clamp between two rigid neighbouring buildings. This pressure caused the upper part of the building to collapse at the level of neighbouring structures' roofs. 
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Figure 6‑113.    Commercial building between two rigid neighbouring Photo credit: C. Arnold, Building Systems Development, Inc. 

To get together all the informations collected on building in a row, the author wants to remind that Anagnostopoulos [1988] is one of the first who studied the effect of pounding for buildings in a row and Athanassiadou et al. [1994] studied also the seismic response of adjacent buildings in series.
6.6.3 Special considerations regarding the models

Due to the seismic wave propagation effect, the input ground motion records acting on several buildings may be delayed by a time lag, τ. This parameter depends on a mean apparent seismic wave velocity vector, v, and on a distance vector between the structural supports, r, determined with respect to a fixed coordinate system. The value of the time lag, τ, can be calculated as
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As mentioned before, the time-consuming spend to model two elasto-plastic buildings is very high. To model adequately the pounding effects between buildings in a row this time becomes very high. 
Due to all these supplemental difficulties (differences in the starting times of excitation, time-consuming of the model,…) the problem of pounding between buildings in a row has not yet been really exploited. To the author however, there is a really need to research on this area of pounding.
6.7 Case F: Corner building in a city block
6.7.1 Introduction

For buildings in a corner of a city blocks pounding takes place along two orthogonal directions. If a building is pounded at one of its corners by an adjacent building, it induces torsional storey movement and possibly failure of the corner column (Figure 6‑114).
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Figure 6‑114.    Eccentric pounding
6.7.2 Observations from past earthquake and previous studies

Figure 6‑115 shows a top-floor failure of an older reinforced concrete building. This building illustrates the "corner" effect that often causes particularly severe damage to buildings located on street corners. This increased vulnerability is due to the combination of different directions of vibration acting on the building and to the varying rigidity of facades and walls leading to neighbouring buildings. 
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Figure 6‑115.    Corner effect Photo credit: C. Arnold, Building Systems Development, Inc. (Earthquake Damage in Mexico City, Mexico, September 19, 1985)
Even if pounding of a corner building is recognized as to be a very dangerous case, due to the complexities of study, this phenomenon has not yet been extensively studied.
6.8 Case G: buildings with an asymmetric structure (Torsional Pounding)
All the previous studies assume two-dimensional behaviour, i.e. the colliding buildings are symmetrical about the direction of motion, so that only in-plane pounding is considered. However, an asymmetric structural form is often used for buildings. The coupled torsional-lateral responses in asymmetric structures might increase or decrease lateral displacements.
Moreover, even when the adjacent buildings are nominally symmetric and the vertical plane passing through the axes of rigidity of the two buildings is parallel to the direction of excitation the impact between them is not likely to be symmetric. This is because the gap between the two colliding floor slabs is seldom of exact constant width throughout and, as noted, hard debris, either left over after construction or accumulated since, can close or narrow the gap at an arbitrary point. Indeed, experimental studies carried out by Leibovich et al. [1996] have shown that after impact the motions of two colliding identical symmetric plates are no longer truly translational. Moreover, the vertical plane through the axes of rigidity of the two buildings is, more often than not, at an angle to the direction of excitation resulting in an eccentric impact. It is thus evident that torsion is practically always present after impact, even in symmetric buildings, and therefore should be considered in design.
6.8.1 Observations from past earthquake and previous studies

Seismic torsional pounding between two adjacent asymmetric buildings can lead to serious consequences. During the Romania earthquake of 1977, a report by three Romanian Institutes, ICCPDC et al. [1978], shows that most of the buildings that collapsed have been located at street corners. This has confirmed the unfavourable effects of overall torsional oscillations, of whipping behaviour and of shocks transmitted by adjacent buildings.
There are relatively few studies on torsional pounding. Some of them are summarized below.
Leibovich, et al. [1996] made a parametric study on eccentric pounding of two symmetric single storey systems under excitations. A linear behaviour is assumed and pounding effect is considered using the restitution coefficient approach. The principal result obtained is that eccentricity at first impact results in larger amplification compared with symmetric impact, but in symmetrically aligned systems, the amplification does not increase with eccentricity due to the mutual rotational constraint of the two slabs.
Hao and Shen [2001] considered the required separation to avoid torsional pounding between two adjacent asymmetric structures. The results indicated that relative displacements estimated based on the SRSS combination of maximum displacements of two buildings generally overestimate relative displacements of both symmetric and asymmetric adjacent structures. An under estimation would occur only when the vibration frequencies of two structures differ substantially.

In a recent study by Zhu et al. [2002] for three-dimensional pounding between adjacent bridge girders, torsional pounding was included in the analysis. 
However, much remains to be learnt about the torsional pounding phenomenon. For example, the experiments done by Zhu et al. are of very small scale (the model mass of about 2 kg). Chau et al. [2004] made a study including both shaking table tests and theoretical studies. The shaking table tests demonstrate that structural responses increase with the torsional properties of the buildings.
6.8.2 Example of mitigation

Two papers treat the mitigation of torsional pounding. 
Gates, Hart et al. [2002] studied a variety of structural retrofit schemes to mitigate excessive torsional responses of two adjacent wings of a three-storey building. These included converting the perimeter gravity frames to moment resisting frames, adding diagonal bracing to the perimeter frames, tying the two structures together to each floor level, and using viscous dampers as attachments between the buildings. They found that the best solution from a cost, schedule, construction, disruption, and earthquake performance standpoint, turned out to be joining the two building segments with horizontally oriented viscous dampers at a single floor level. 
Zacek [2006] presents during the "Evaluation et prevention du risque sismique en wallonie" a technique of mitigation that he used between two buildings with a core. The gap is filled with a material and prestressed tie are placed to link the structure so that they oscillate together. The objective of using a prestressed element is to ensure the immediate action without lengthening.
[image: image278.emf]a) torsional pounding


b)Mitigation of torsional pounding




a) torsional pounding

b)Mitigation of torsional pounding


Figure 6‑116.    Representation of the mitigation of torsional pounding by prestressed tie
6.9 Conclusions 
In this work, the issue of pounding and mitigation by a reconnection between structures designed according to Eurocode 2 and Eurocode 8 is studied. The Kelvin model is used in SAP 2000 program to simulate the pounding phenomenon. Various cases of pounding are studied:

· case A: Adjacent buildings of equal height, with aligned floor levels ;
· case B: Adjacent buildings of unequal height, with aligned floor levels ;
· case C: Adjacent buildings of similar or different height, with not aligned floor levels ;
· case D: Buildings with a small seating length (Unseating problem) ;
· case E: Buildings in a row ;
· case F: Corner buildings in city blocks ;
· case G: buildings with an asymmetric structure (Torsional Pounding).
For all of them, observations from past earthquakes and review of previous studies are mentioned. For the case A, B and C, detailed analyses are made on pounding effects and on the use of adequate connectors to link both structures. The effect of the stand-off distance and the peak ground acceleration are also studied. 

The analyses demonstrate that structural pounding damage is induced by the tremendous momentum transferred between adjacent structures. This impact force can exceed the structural design capacity, leading to severe damage or even instant collapse. 
The general effects of pounding found in the models are generally in very good agreement with the observations made after an earthquake.

As found by many authors previously, it is difficult to anticipate the response of the adjacent buildings due to non-linear behaviour of pounding and structure. However, general conclusions can be drawn :
· the effect of pounding between buildings on global structural response was in general less dramatic than their effect on local response. This phenomenon is mainly due to the non-linear ductile response behaviour of the buildings, which tends to attenuate the propagation of the pounding shocks ;
· the number of pounded storeys always increases as the stand-off distance decreases ;
· when pounding occurs, accelerations peaks, which can cause damage to secondary elements, always also occur ;
· where pounding occurs, neglecting its possible effect leads to non-conservative building design especially when the buildings have different total height or when the levels are not aligned.
Various ways of mitigation are proposed in § 3.2. The specific problem studied in this work is on the optimal tuning of the mechanical characteristics of the connection in order to obtain the most desirable response reduction in both structures. For each case of pounding modelised, various type or properties of links are tested. The effects of each type of links are highlighted. 
The retrofits are found to provide consistently substantial reductions in localized pounding damage without adversely affecting the overall seismic response of both adjacent buildings. The devices are effective in reducing the high-frequency accelerations caused by pounding. However, in some cases, using the reconnections alone cannot completely neutralize the effects of pounding. To mitigate the problem, a combination of different way of mitigation is needed. 
Chapter 7 presents in a structural way the main outcome of this research. It is organised as guidance for engineers in charge of solving the structural problems met when buildings are closed to each other.
7  Recommendations for the mitigation of pounding problems between adjacent buildings

7.1 Introduction

The basic idea developed in this work to eliminate or reduce dynamic contact between closely spaced buildings is by using a connection that maintains a minimum separation distance at certain point of the structures. The tuned reconnection is envisaged in different ways; it can be made of shock absorbing material placed in the gap, hinge-ended beams, or joint dampers. In some case, installing dampers or damping material in the joint is found to contribute to a solution. A guidance based on the review of literature and on the models done is presented below for engineers in charge of solving that type of structural problems. After brief commentaries on the different reconnections proposed, special comments are made at the end of this chapter to describe the problems raised by the installation of linking devices.
For the Case E (Buildings in a row), F (Corner effect) or G (torsional pounding), the author cannot at this stage of the study propose sure mitigation way.

There are other methods of mitigation available for the problems of pounding. They are briefly recapitulated in the paragraph 7.4.
7.2 Guidance to mitigate pounding with Pounding Reduction Devices
The pounding reduction devices (PRD's) considered is mechanical links, passive dampers and not active or semi-active control devices. All energy-absorbing devices have advantages and disadvantages, and the selection of a PRD is a function of the structures and the seismicity of the zone. 
As a result of this study, simplified design guidelines have been established for retrofitting such buildings. A practical guide is presented below to assist engineers in the choice of the appropriate type and properties of the reconnection in view of the characteristics of the structures submitted to pounding and of their stand-off distances.
7.2.1 Adjacent buildings of equal height, with aligned floor levels and similar structural types, in particular their stiffness [Case A in 2.2]
Recommended intervention: 
Using hinge-ended elastic beams as links between structures. For the number and location see § 7.3.3.
Comment: 
The idea behind the use of permanent linkages is to provide forces to the structures that are continuous and following the height of the buildings. These forces are in-line with the dynamic behaviour of the unlinked frames. The main advantages of these links are the following :
· they prevent the two structures from oscillating out of unison ;
· the forces through the connections are small (due to similar dynamic properties). The requirements on the seismic resistance of the structures are not increased.

Effects: 
This system is very effective in some situations, but has some inherent disadvantages. This connection modifies the dynamic behaviour of one or both structures and possibly for the worse. This is particularly important since the coupling is always in effect, even under mild shaking which would not cause pounding of the unconnected structures. Moreover, if the structures are of an asymmetrical geometry, the linkage could increase undesirable torsional response.
· the hinge-ended beams force the structures to behave as if it was only one:
· the shear action effects VEd tend to increase in the flexible structure and decrease in the stiffer one,
· the displacements of the stiffer structure increase. A check of the damage limitation and the P-Δ effect needs to be performed,
· the accelerations peaks observed disappear. 
Links properties: 

· the stiffness of the links kc must be sufficiently high to preclude pounding, but not too high, to avoid creating too high restraint forces. A starting point of the design of connection can be the stiffness of the building, K, evaluated by a concentred forces applied at the top storey kc=K ;
· an important point to note, and mentioned by Plumier et al. [2005], is that in order to be able to predict the response (of the connections and the structures connected) it is desirable to maintain elastic response in the linkage ;
· it is also necessary to place a system that will avoid the buckling of the bars used to connect the structure ;
· if the stand-off distance between the buildings is very small, then the stiffness of the links needs to be higher if in order to preclude pounding. Another possible solution is that the links can have different properties in the compression or tension side.

Other methods: 

Other possible methods to avoid or limit pounding problems are summarized at paragraph 7.4.
7.2.2 Adjacent buildings of equal height, with aligned floor levels and different structural types [Case A in 2.2]
Recommended intervention: 

Using dampers and springs as links between structures. For the number and location see § 7.3.3. 
Effects: 
The advantage of non-elastic links, beside the possible dissipation of energy, is that it limits the link forces to levels that are within the range of the existing lateral load of the adjacent buildings. The use of a spring in addition to the damper prevents the structures from pounding each other.
Links properties:
It is difficult to define adequate properties for the links. An efficient method is proposed in Zhu and Xu [2005] and in Zhu and Iemura [2000] in which analytical formulas for determining optimum parameters of passive dampers are presented. The recommended properties are based on the modelling of each structure as a single-degree-of-freedom system. A starting point proposed here in the definition of the properties to use is the computed value found, proposed by those previous researchers, divided by the number of storeys where the connectors are placed. The choice of the connected storeys is made by keeping in mind that :
· the upper storeys are more efficient to dissipate energy, due to the higher velocities at those levels ;
· the building is kept in service during the retrofitting ;
· placing the reconnections only where it is necessary allow to make economy.
If the damper stiffness is above an optimal value, its effectiveness deteriorates rapidly. Indeed, strong damper stiffness reduces the relative velocity and hence the energy absorbing capacity from the dampers decreases. When the damper stiffness is very high, the relative displacement and velocity between the adjacent buildings tends to zero so that the two buildings behave as almost as rigidly connected. As a result, no matter what value the damper coefficient is the damper totally loses its effectiveness. With the decrease of damping coefficient from the optimal value, the performance of the damper deteriorates gradually and as the damping coefficient approaches to zero the two buildings finally return to the unlinked situation. On the other hand, if the damping coefficient is above the optimum value, the performance of the damper also declines and as the damping coefficient becomes very large, therefore the two buildings behave as though almost rigidly connected.
Special comment: 
When the stand-off distance is small, then the stiffness of the links must be substantially high to prevent pounding.

Other methods: 

Other possible methods to avoid or limit pounding problems are summarized at paragraph 7.4.
7.2.3 Adjacent buildings of unequal height, with aligned floor levels and same structural types [Case B in 2.2]

Recommended intervention: 

Using joint dampers and springs as links between structures. For the number and the location see § 7.3.3. 

Comment: 
Various ways of mitigation have been tested but none of them can completely solve the pounding problems. Using joint damper links reduce the shear action effects in both structures. The retrofitting should combine dissipative links with local strengthening (Figure 7‑1), essentially on ductility of beams, to solve the pounding problem. Concrete, steel or composite-materials jacket retrofits can increase flexural ductility.
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Figure 7‑1.
Proposed mitigation for case B
Effects: 
The joint dampers dissipate energy and can prevent any impact if they have a sufficiently high stiffness. As the lower part of the tall structure is constrained by the linking to the smaller building, the seismic action effect can be seriously increased in the upper storeys of the tall structure and special attention to the formation of plastic hinges in that one is needed.
Links properties: 
As in the paragraph 7.2.2, it is suggested to use connectors that can dissipate energy based on Zhu and Xu [2005] or Zhu and Iemura [2000] in combination with local reinforcement in one or both structures.
Other methods: Other possible methods to avoid or limit pounding problems are summarized at paragraph 7.4.
7.2.4 Adjacent buildings of unequal height, with aligned floor levels and different structural types [Case B in 2.2]

Recommended intervention: 

None of the links studied does help. Other type of mitigation must be used to avoid pounding. 
Comment: 
Connecting the structures does not improve at all the behaviour, because it imposes action effects for which the buildings have not been designed.

The alternative can be :

· for a new building :

· to separate the buildings with an adequate distance to avoid impact,
· to increase the stiffness of one or both buildings,
· to build the primary structure away from the property limits. This solution leads to the degradation of the façade, which needs to be replaced but prevents the damage of the buildings,
· for an existing building :
· to insert supplemental energy dissipation,
· to strengthen the structures,
· to use an alternative load path.

All these methods are presented at paragraph 7.4.
7.2.5 Adjacent buildings of similar or different height, with not aligned floor levels and similar or different structural types [Case C in 2.2]
Recommended intervention: 

Two solutions are proposed. The choice depends on the situation met.

	The reconnections link each storey level. 
	A reinforced columns connected with a link to the adjacent floor level
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	Comment: 
The connectors must be placed to transfer the action effects directly from floor to floor in order to prevent any impact within each individual column length.
	Comment:
Strengthen columns of one building in order to increase significantly their shear and bending resistance. Connect the floor levels of the other building to the strengthened columns by means of links.

	Effects:
This situation superposes one of the situations described in 7.2.1, 7.2.2, 7.2.3 and 7.2.4 to a local potential impact between a slab and a column.

Linking two structures prevent them to pound each other but may also force them to oscillate together. The check of this new type of behaviour is absolutely needed.

	Properties to use: 
In comparison to the proposed value used in 7.2.1 and 7.2.2, the stiffness needed is higher due to the inclination of the connectors. 
	Properties to use: 
The proposed solution is to use the links proposed in case7.2.1, 7.2.2, 7.2.3 or 7.2.4 (according to the buildings characteristics).


Other methods: Other possible methods to avoid or limit pounding problems are summarized at paragraph 7.4.
7.2.6 Buildings with a small seating length (unseating problems)
Recommended intervention  
Restrainers (elastic spring) or non-linear viscous dampers. 
Comment: 
Special attention is needed in the connection design: capacity design of anchorages to avoid brittle failure.
Properties to use: 
The proposed linking is essentially based on the study made for unseating in decks of bridges. To design strength and stiffness, 2 methods are proposed:
1. Non-elastic dynamic time-history analysis where the strength and stiffness of the restrainers can be varied until acceptable results are obtained.
2. The second method is based on the hypothesis that the connected frames respond essentially in-phase. This observation has for consequences that the maximum tensile force is equal to the difference between the frame overstrength longitudinal shear capacities.
Effects: 
The restrainers reduce the relative displacements between the two parts of the same structure.
Special comment: 
Where locking or reducing the relative move of buildings at joints is undesirable or impracticable, another solution is to extend the effective seating length of the expansion joint. The simplest way to increase the support length is by adding corbels or brackets (Figure 7‑2). 
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Figure 7‑2.
Corbels and brackets for bearing supported superstructures
Other methods: Other possible methods to avoid or limit pounding problems are summarized at paragraph 7.4.
7.3 Some practical indications on the design of Pounding Reduction Devices (PRD's)
7.3.1 Introduction 

Comments are made in this part to describe the problems raised by the installation of linking devices. The devices are to be fixed at some or each storey.
Several criteria need to be examined for screening the most promising PRD. There can be difficulties in fixing devices between two buildings.

7.3.2 Requirements in selecting PRD's
Paragraph 7.2 defines the PRD's to install for various situations of adjacent buildings. 
Several criteria need to be examined to define the appropriate PRD type :
· their ability to sustain large force levels and dissipate large quantities of energy over short displacements ;
· their ability to sustain high strain rate ;
· their ability to sustain many cycles of loading without degradation of mechanical properties ;
· the need for predictable and stable mechanical properties over the range of possible loading amplitudes, displacements and frequencies ;
· the possibility to tune the mechanical properties of the device ;
· their resistance to weather (if not protected) ;
· their initial and maintenance cost. 
A device must comply with its prescribed hysteresis law during the seismic event for which it has been designed. The device must follow its intended behaviour during the whole installation period, where it might be subjected to a variety of static and dynamic loads. Permanent changes of the basic mechanism of the device may occur with time (e.g. due to creep, crack development,…), however, these changes should not alter the hysteresis law of the device during its life cycle in a substantial manner.

An important point for the effectiveness of the devices is their anchorage. To develop the predicted forces and maybe dissipate energy, the weak point of the devices should not be anchoring. Moreover, the peak link force has to be limited to values compatible with the existing structural system if the installation of the devices is realised without upgrading the existing lateral load carrying systems of the buildings.
7.3.3 Number and location of the devices

It is interesting for the cost and the possible disruption in the functionality of the structures to place the devices at only few floors. In situations where the contact is likely to occur at a single point, a single connection may be sufficient. If higher modes are contributing significantly to the deflections, then multiple points are necessary.
Intuitively one would conclude that placing PRD at the bottom of the buildings would not be necessary. Actually, Zhang and Xu [1999] found that the sensitivity of the modal frequency and the modal damping ratio of the combined system to the dampers are very small near the bottom of the buildings. This result indicates that there is no need to install viscoelastic dampers near the bottom of two 20-storey buildings. Ni et al. [2001] showed that non-linear hysteretic dampers are effective even if they are placed only on few floor levels. Bhaskararao and Jangid [2005] studied the effect of insert a friction damper. They found that it is not necessary to connect two adjacent structures at all floors but lesser dampers at appropriate locations can significantly reduce the earthquake response of the combined system. The same conclusions were drawn and applied in a practical retrofit by Plumier et al. [2005]. The number of reconnected storey can be reduced but then the magnitudes of the reconnection forces at one storey increases and is more difficult to transmit.
Although placing only few connectors is appealing, designers have to make sure that connectors are able to sustain the design forces.
It is necessary to install a system that will prevent the buckling of the bars used to connect the structure.
7.3.4 Example

One of the first buildings where a connector was installed is the Kajima Intelligent Building complex, which was constructed in Tokyo in 1989. This complex coupled the 5-storey and 9-storey towers of a low-rise office with passive yielding devices connected at the 5-th floor. The connector is a steel elasto-plastic damper with hysteretic non-linearities. The steel elasto-plastic dampers have distinctly pre-yield and post-yield stiffness, and possess a high capacity of hysteretic damping by plastic deformation. 

An active coupled building control has been implemented in 2001 in the recently constructed Triton Square office complex in Tokyo, Japan (Figure 7‑3). 

Figure 7‑3. 
Triton Square Office Complex [2001]
7.4 Other methods to mitigate pounding problems
Beside using devices to connect adjacent structural systems, several other methods are proposed to avoid or to limit pounding effects:

· Seismic gap. This method is used in the building codes. For this method, a good and reliable estimate of the minimum gap is required. It is only feasible for new construction and it reduces the available square footage in the building. Results based on the review of literature and on the models made are presented at paragraph 3.2.1.1.
· Increasing the stiffness of one or both buildings. Increasing the stiffness of buildings reduce the seismic deformations to the point where impact is precluded. Different methods are available and are presented at paragraph 3.2.1.2.
· Primary structure away from property limits “crash box interface”. This solution avoids impact on the earthquake primary resisting structure by installing it at a certain distance of the property limit. Detailed considerations are presented at paragraph 3.2.1.3.
· Supplemental energy dissipation. Using energy dissipaters in buildings show prominent in-phase motion of the two buildings. Considerations regarding this method and classifications of devices are presented respectively at paragraph 3.2.2.1 and 3.3.

· Strengthening. This method does not preclude the pounding between adjacent buildings but assures that structures accept the effects of impact. Various techniques to strengthen structures exist and are presented at paragraph 3.2.2.2. To understand where the strengthening is needed, designers have to model the pounding phenomenon. This paragraph presents the different models of pounding and the programs offering the possibility to implement them.
· Alternative load paths. Supplementary supports are installed at sufficient distance from the vulnerable exterior walls or columns to be protected when the existing elements are damaged. This solution is available for both new and old constructions.
· Strong shear wall. These strong shear walls act as bumper elements. Detailed suggestions regarding this method are presented at paragraph 3.2.3.1.

7.5 Models and programs for impact zone

The collisions between adjacent buildings are simulated either by means of special contact elements (of the spring-dashpot type) activated when the bodies come in contact or by applying the impact laws of mechanics for particles (stereomechanical impact) with a coefficient of restitution (CR) for plastic impacts. 
Both methods express the fact that, during contact of structures, a transfer of energy is produced. Moreover, an impulse force is transmitted to each structure. This force generates non-elastic structures to rebound in opposite direction of pounding. The effects of pounding are function of the level of energy in each structure when contact occurs. This is why the use of a gap or the magnitude of the velocities at the moment of impact should be known in order to model adequately the effects of pounding.

The ability to model either piece-wise or stereomechanical methods is limited to a small number of programs. This complex modelling of pounding may force designers to use ad-hoc programming systems with a possible loose of time-efficiency and an increased risk for errors. Some programming systems offering a possibility to model pounding phenomenon are :
· SAP2000 is integrated software for structural analysis and design; which can be used as explained in chapter 4. This program has the ability to model pounding effects by the piece-wise method.
· DRAIN-2DX is a static and dynamic analysis of non-elastic plane structures. The element library contains a non-elastic link element that can act in compression/tension with initial gap or axial force. This element can be used to model pounding effects by the piece-wise method. For example, this software is used in the study of pounding by Karayannis at al. [1998].

· ANSR-1 is a general purpose program for analysis of non-linear structural response. It is a non linear program for 3-D structures with a gap-friction element. This element can be used to model pounding effects by the piece-wise method.
· SLAM and SLAM-2, developed by Maison and Kasai [1988], are two micro-computer pounding analysis programs. These programs contain gap element, which have the ability to model piece-wise contact.
· IDARC, developed at the State University of New York at Buffalo, was first introduced in 1987 for analyzing earthquake damage in multi-storey, reinforced concrete buildings. Since then, numerous enhancements have been added, including the ability to analyze a wide variety of structures, structural materials, and, most recently, structural damping devices. This program like the entire previous one has gap element to model piece-wise contact.
· CASTEM 2000 is a computer code for the analysis of structures by the finite element method. This code was developed by the Mechanical Department and Technology (DMT) of the French Police station with Atomic Energy (ECA). The gap element present in the program permits the modelling of pieces-wise contact.
· [image: image283.png]


SEISMOSTRUCT is a Finite Element package capable of predicting the large displacement behaviour of space frames under static or dynamic loading, taking into account both geometric non-linearities and material non-elasticity. Concrete and steel material models are available, together with a large library of 3D elements that may be used with a wide variety of pre-defined steel, concrete and composite section configurations. The gap element present in the program permits the modelling of pieces-wise contact.
8  Conclusions and Recommendations

8.1 Conclusions
Pounding between adjacent structures subjected to dynamic excitations is investigated. Results from field observation and numerical studies have shown that pounding can cause damage to structural elements or complete collapse of the involved buildings. Pounding changes the global seismic response of the involved structures. The maximum of the pounding forces can be very important. When pounding occurs, neglecting its effects can lead to catastrophic results. 
In addition, unwanted period shift of an existing structure imposed by the construction of a new building in its neighbourhood may lead to unprepared and unexpected damages of the former during earthquake. Therefore, seismic poundings between adjacent buildings may induce unwanted damages even though each individual structure might have been designed properly to withstand the strike of credible earthquake events.
After an extensive review of the current state-of-the-art and some initial formulations of structural problems, a study of the influence of pounding modelling on the seismic behaviour of two adjacent structures has been performed. 
Due to complexities of impact between structures, assumptions have to be made in pounding modelling. For example, most of previous researches made use single-degree-of-freedom systems in order to simplify the problem. However, this type of modelling can only represent the simplest case of pounding: impact between structures having the same total height and aligned floor levels. Therefore, using SDOF systems cannot be used to model the formation of storey mechanism or the impact between slab and column, observed when floors are not aligned. Another hypothesis previously applied is that structures are not able to enter in the plastic domain. The author has demonstrated in Chapter 5 that when pounding occurs, a structure entering in the plastic domain cannot generally be adequately represented by an elastic model. For non-elastic structures, already after the first hit, which may induce only moderate impact force, the structures often rebound in opposite direction so much that they might not come into contact again. Whereas, in the case of an elastic structure, the phenomenon of rebound is not present. The pounding effect consists only in a transfer of energy between structures. Moreover, the formation of a mechanism induced by pounding can not be highlighted.

The response of two adjacent structures is studied by a numerical finite element modelling, including the non-linear behaviour of pounding and of plastic hinges in the extremities of beams and columns elements. For each case configuration, three artificial accelerograms are applied to the non-linear structures. The piece-wise linear impact method has been used to model the impact between structures. Beside difficulties encountered to estimate the stiffness or damping constants of the impact elements, results indicate that the system responses are not very sensitive to these parameters.
Analyses of pounding have shown that there is considerable scatter in the amplification of action effects caused by pounding. This study clearly shows the sensitivity of the system response to parameters affecting the pounding phenomenon, i.e. characteristics of buildings, plan layout, structural system and frequency content of the input ground motions. The results depend on the excitation characteristics and the relationship between the buildings fundamental period. This observation was shown in particular in chapter 6 in which the use of three accelerograms is shown to give radically different results. 

The effect of the peak ground acceleration has been studied. It has been showed that the effects of pounding are globally the same but decrease when the peak ground acceleration decreases.
The duration of the pounding is very short. The impulse found when pounding occurs increases suddenly the acceleration and the velocity. These accelerations generated by the impacts may cause significant damage to the structural components, especially in the contact area of pounding. Non-structural components (electrical/mechanical units and architectural features) in some buildings are important to the building's function. Hospitals with emergency facilities and emergency centers are examples of such buildings where protecting equipment from damage is essential to the operation of the facility during and after an earthquake. 
The number of storeys pounded increases as the stand-off distance decreases. As expected, the impact forces decrease with the height.

It is clear, after the review of literature and analyses made, that the situation of pounding between structures with the same height, with aligned floor levels and having similar dynamic properties do not generally conduct to the collapse of the buildings. Nevertheless, if other deficiencies are present then this conclusion may not remain valid. 

As expected, pounding is found to be more critical for highly out-of-phase systems. For pounding occurring between adjacent buildings having very different dynamic properties, the flexible structure is abruptly stopped by the adjacent one. The pounding phenomenon tends to increase the displacement at the side opposite to pounding. Consequently, the gravity and the subsequent P-∆ effect may cause the collapse of the building. Another problem that could appear due to this increase in displacements is the damage limitation requirement. The interstorey drifts could not fulfil anymore the criterion. Even if this criterion is not as stringent as the P-∆ effect, it might correspond to damage to non-structural elements.
For structures having different height but aligned floors levels, the damage is typically concentrated at the roof level of the shorter building and at the level just above pounding for the taller one. The pounding produced by the adjacent short structure causes the shear failure of the columns in the upper storeys of the tall structure and this for each stand-off distance considered. In addition to this probable shear failure, plastic hinges are formed at the extremities of the upper columns. These hinges conduct to an increase of the interstorey drift and subsequently to problems with the P-Δ effects or to damages to secondary elements.
The worst case of pounding occurs when columns are impacted by slabs. Whereas when considering impact between two slabs pounding can sometimes be allowed, possible impact between a slab and a column must be avoided. The shear action effect due to impact in columns is so high that it destroys the element. 
The observation of pounding effects in the past major earthquakes as well as in the modelling done in this work shows the importance of considering pounding problems in the design of new structures or in the assessment of the vulnerability of existing structures. There are many structures throughout the world that are situated close together, and the possibility of structurally damaging impacts needs to be eliminated. Pounding damage is included in the list of key concepts to be checked during a seismic design but, in general, the engineer has not much guidance on how to reduce the effects of pounding between existing buildings, which is the wider field of application of the developments presented in this thesis. This study has established mitigation solutions for the typical problems of pounding between adjacent structures. Each case is different and requires an appropriate way of mitigation. 

The only method proposed in codes to mitigate pounding is by providing sufficient separation between structures. However, based on the non-linear time history analyses made in this work, some comments are to be made. First, the method proposed in the Eurocode 8 for buildings with the same owner and having same floor elevations is nearly always unsecured. This means that pounding occurs and buildings must accept the effects produced. Secondly, if pounding occurs, increase the seismic gap has not the capability to reduce impact effects and could not reduce the number of pounding's occasion. Also, increasing gap width is not likely to be effective when the separation is not sufficiently wide practically to eliminate pounding.

Various other ways of pounding mitigation exists and are presented in details in 3.2. The proposed methods can imply one or both structures. They can preclude impact or strengthen structures to withstand pounding effects. The proposed mitigation studied in this work is by linking adjacent structures. The connectors are generally called Pounding Reduction Devices. Concerning Pounding Reduction Devices, it is important to recall that the cost of additional devices is of the order of magnitude of about 1% of the overall cost of the structural frame if Pounding Reduction Devices are installed in a new construction. The cost can be significantly higher in retrofitting operations. 
As a result of this study, simplified design guidelines are established for retrofitting buildings. The proposed simplified design guideline can be adopted by practicing engineers and can be used for preliminary design of dampers for retrofitting buildings. This guide indicates mitigation methods, which should be successful, with justifications. 
The original intention of this thesis was to make parametric studies of pounding phenomenon and to try to define the appropriate parameters of a linkage between structures realised in order to mitigate pounding problems. It rapidly appeared that this was an unreachable goal, due to the fact that models are enormously time consuming, so that covering, in a parametric way, the wide variety of real case problems is unrealistic.

Following that early observation, the option was taken to study a limited number of typical hammering situations that can exist with two adjacent buildings. Those cases are studied in details and allow concluding into general design guideline, which are of a qualitative nature.

Pounding Reduction Devices are efficient to mitigate pounding effects for adjacent structures having same total height. For example, models realized in this work show that using hinge-ended beams as connectors between similar structures can mitigate pounding by preventing them to oscillate out of unison. The connections force the structures to behave as only one structure, which is an intermediate between the two buildings. This method penalizes one of the structures in favour of the other by transferring seismic demands between structures; it might exceed the capacity of the existing lateral system in any of them and require additional retrofits to the lateral resisting system. For adjacent structures with the same total height but with different dynamic characteristics, using an appropriate viscous damper in addition of a spring can mitigate pounding effects.

On the contrary, for adjacent buildings of unequal height, connecting the structures does not improve at all the behaviour, because it imposes action effects that are surely different of those for which the buildings were designed. However, linking adjacent structures can be a good and reliable way of mitigation if used in combination with local reinforcement.
An important point for the effectiveness of the devices is their anchorage. To develop the predicted forces and maybe dissipate energy, the weak point of the devices should not be anchoring. Moreover, the peak link force has to be limited to values compatible with the existing structural system if the installation of the devices is realised without upgrading the existing lateral load carrying systems of the buildings.

8.2 Recommendations for further studies
As found in bridges studies, only inelastic time-history analyses can be expected to yield realistic estimates of relative displacements across movement joints. Due to the long time spent for an analysis, these models are not well adapted for usual buildings designers. Hence, there is a huge need of proposing secure and simple ways to evaluate pounding effects. 
Further studies should take into account the interaction between soil and structure since there is some evidence of correlation between occurrences of pounding and soft soil foundation conditions. This factor was not considered in this study since it was the first attempt to know the behaviour of pounding with such complex models of the superstructures.

Furthermore, additional studies are needed, especially for the impact between slab and column, the effects of building in a row and the problems of corner buildings pounded in two different directions. However, these models are still more complex than the ones studied in this work and for the moment they are probably too much time-consuming.
Only general considerations are presented in this work about the pounding mitigation by linking adjacent structures. This method is found to be a good and reliable way of mitigation but it still needs to be evaluated on a case by case basis. There is a need for a complete parametric study to give quantitative results to civil engineers.
Another need is to perform some experimental shake-table testing of scaled building models in order to study the effects of pounding and linking adjacent structures and to calibrate the numerical models.
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