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Abstract 

The present work develops tools for the seismic retrofit of reinforced concrete (RC) structures provided with 

energy dissipation devices. This aim is pursued by means of different subgoals, namely (i) assessment of 

reliable concentrated plasticity models for dynamic non-linear analyses of RC framed buildings; (ii) 

experimental investigation of a novel damper proposed for retrofitting RC structures; (iii) formulation of an 

effective and affordable displacement-based design procedure for proportioning the damping system in RC 

buildings; and (iv) assessment of the proposed method. 

The first part of the thesis presents a critical review of current material modelling for ductile RC frame 

structures, in the context of non-linear time-history analyses, focusing on concentrated plasticity. Four RC 

frames with increasing number of stories (2, 4, 8 and 12) subjected to a set of seven spectrum-compatible 

input ground motions are examined numerically and the structural response is evaluated in terms of 

engineering demand parameters like base reactions (shear force and moment), inter-story drift and peak floor 

accelerations. Results of analyses conducted by adopting a distributed plasticity model are used as 

benchmark, and the implications of adopting different modelling assumptions to implement concentrated 

plasticity models in non-linear time-history analyses of ductile RC frame buildings are eventually 

highlighted and discussed. 

In the second part of the work, a novel Lead Damper (LED) is experimentally investigated. The device 

provides a resistive force by the friction created between a lead core and a shaft. This damper is expected to 

incorporate several desirable characteristics, namely high stiffness and damping capability in a compact 

design and low manufacturing cost, which make it suitable for social housing. A modelling procedure is 

suggested to represent the non-linear behavior of the LED in both static and dynamic analyses. In particular, 

for dynamic analyses, a finite element object of the LED is formulated in the structural software program 

OpenSees. 

Then, an effective and computationally affordable displacement-based design procedure for seismic retrofit 

of RC framed structures equipped with hysteretic dampers, characterized by an elastic-perfectly plastic 

behavior, is proposed. The method aims at proportioning damped braces to attain a target performance level 

(for a specific level of seismic intensity), controlling the maximum inter-story drifts of the structure and, if 

needed, regularizing the stiffness and the strength of the building along its elevation. In order to demonstrate 

its effectiveness, the procedure is applied to the retrofit of two existing reinforced concrete buildings. For 

the validation of the design method, the seismic performance of the retrofitted structures is assessed in both 

static and dynamic non-linear analyses. In particular, for the dynamic analyses, structural models are 

formulated in the OpenSees finite element framework by adopting a concentrated plasticity approach, based 

on the results of Chapter 1. 

In the last part of the study, the two RC structures are examined and retrofitted with the LED following the 

design procedure explained at Chapter 3. Two different design targets are considered: in the first case, the 

structure is retrofitted in order to maintain an elastic behavior, with no plastic hinges, during the earthquake, 
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while in the second case, a partial dissipative behavior of the structure is allowed, with formation of plastic 

hinges limited to a repairable limit state. Non-linear dynamic analyses are carried out in OpenSees, 

considering a suite of artificial ground motions whose response spectra match on average the target spectra 

according to NTC 2018 for the life-safety limit state. The results of the numerical study demonstrate both 

the effectiveness of the LED device and the viability of the design procedure. 

Keywords 

Reinforced concrete frame; energy dissipation; hysteretic damper; experimental characterization; non-linear 

analyses; seismic retrofit
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Introduction  

Italy is a country prone to earthquake activity, where strong events happen with a frequency of 4-5 years. 

Just in the last ten years, three strong earthquakes occurred with invaluable losses in terms of human life and 

with dramatic economic consequences: Aquila 2009, Emilia 2012 and Centro Italia 2016. The damages 

produced by these earthquakes are usually out of proportion with respect to their intensity, especially if 

compared to what usually happens in other seismically active countries, such as California or Japan [1]. This 

is due to the seismic vulnerability of the Italian building stock, which is characterized by a massive presence 

of historical buildings, a varied urban structure and a complex geomorphological system that characterize 

every Italian urban center [2]. Figure 1 shows that the construction development was concentrated especially 

between the ó50s and the ó80s. Except in the case of some noncompulsory provisions, released between the 

mid-60s and mid-70s, the first specific seismic provisions appeared in Italy in the early 90s, and 

internationally recognized modern seismic concepts, such as capacity design, were implemented only 

approximately 10 years ago [3]. Furthermore, a standardized classification of the national seismicity dates 

back to 2004. 

 

Figure 1: Year of construction of the Italian Building Stock (Ance elaboration based Dati ISTAT data ï 2011 

National Survey and Protezione Civile) [4] 

Therefore, most of the Italian structures were built in compliance to old seismic standards; for this reason, 

they may be unable to survive ground motions, even of medium intensity.  

Hence, the development of seismic rehabilitation technologies is a key step to pursue the target of reducing 

the failure probabilities and consequently increasing the resilience of the Italian community.  

Many techniques are available for upgrading existing structures, which can be used alternatively or in 

combination to increase the capacity of the structure and/or to reduce the seismic demand (e.g., [5]-[7]). 
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Among them, supplementary energy dissipation is an appealing one, especially for reinforced concrete (RC) 

structures, which represent one of the most common structural typologies in Italy ([8], [4]). This technique 

can be applied to both new and retrofitted constructions in order to prevent structural damage, increase life-

safety and achieve a desired level of performance ([9], [10]) appearing an appropriate and economically 

affordable solution to reduce the vulnerability of ordinary structures, such as residential, school and 

industrial buildings. Unfortunately, despite of remarkable improvements in dampersô technology, nowadays 

practitioners still have little confidence in implementing supplementary energy dissipation strategies due to 

lack of both design procedures to be easily adopted and seismic codes that properly address specific 

provisions [11]. 

The present work aims at presenting a design procedure for the seismic upgrade of RC frame structures 

equipped with hysteretic dampers. The primary goal is to define a simple and computationally affordable 

method, able to overcome the limits of the existing design procedures, in order to make more attractive the 

use of the supplementary energy dissipation strategy for the seismic protection of RC buildings. 

In this light, the second goal of the work is to promote the use of a novel energy dissipation device, named 

LED (Lead Damper), which is characterized by valuable features, such as a consistent rigid-plastic behavior 

without strength degradation during repeated cycles, and a repeatable and robust seismic response, providing 

maintenance-free operation even in presence of repeated ground shakes. 

The thesis consists of Introduction and five Chapters.  

The Introduction declares the research objective and the related research questions, illustrating also the 

methodology adopted to reach the goal. 

Chapter 1 and Chapter 2 are preparatory to the application of the design procedure for the seismic upgrade 

of RC frame structures, described in Chapter 3. In Chapter 4, the design procedure is applied to two existing 

RC structures and validated through the verifications prescribed by the current Italian Building Code. The 

seismic retrofit of the case-study buildings is performed considering two performance requirements: in one 

case, the structure is retrofitted in order to maintain an elastic behavior, when subjected to the design ground 

motions; in the second case, a partial dissipative behavior of the structure is allowed, with formation of 

plastic hinges limited to a repairable limit state. Finally, Chapter 5 presents the main results of the work and 

the future developments. 

Since the retrofit procedure is developed for RC structures, a fundamental aspect is the choice of the proper 

Finite Element model to reproduce the non-linear response of the case-study buildings. The selected model 

must combine a fairly accurate and reliable reproduction of the structural behavior with computational 

effectiveness and ease of application. As stated in the State of Art of Chapter 1, there are various modelling 

approaches, each one presenting advantages and drawbacks, and users are faced with a trade-off between 

refined models, at higher computational costs, and simpler, more practical models, that may imply higher 

approximation in the results. For this reason, an insight into the effects of the modelling decisions of RC 

structural members are investigated in Chapter 1, with the aim of defining convenient practices for structural 
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engineers who perform non-linear analyses on RC structures. Moreover, this investigation is useful to define 

the modelling choices adopted in Chapter 3 and Chapter 4. 

Chapter 2 presents the experimental campaign conducted according to the European code on anti-seismic 

devices (EN 15129) on a novel energy dissipation device, named Lead Damper (LED), which provides a 

resistive force and dissipates energy by the friction activated between a lead core and a shaft. Starting from 

the results of the tests, the constitutive behavior of the LED device is implemented in the software program 

OpenSees to perform non-linear dynamic analyses.  

Chapter 3 is the core of the thesis, containing the proposal of the design procedure for the seismic retrofit of 

RC frame structures by means of supplementary energy dissipation damped brace systems (DBS). The 

method is step-by-step illustrated through the application of the procedure to two case-study structures, 

which are retrofitted by using a standard hysteretic damper.  

Finally, in Chapter 4, the design method is applied to the two case-study structures of Chapter 3 by inserting 

braces equipped with the LED device. Four design cases are presented, corresponding to two target 

performance levels of the frame after the retrofit for each structure: an elastic frame behavior and a partially 

dissipative frame behavior. The study is validated by performing non-linear analyses and checking the 

prescriptions of the current Italian Building Code. A direct comparison between the retrofit with the LED 

device and with a traditional steel hysteretic damper is performed as final step to demonstrate both the 

effectiveness of the LED device and the robustness of the design procedure.  
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1. Concentrated plasticity modelling of RC frames in 

time-history analyses 

The study aims at giving an insight into the effects of modelling decisions that are adopted in concentrated 

plasticity formulations used in time-history analyses to model the behavior of reinforced concrete frames, 

by investigating the sensitivity of the estimated structural response on the assumed length of the plastic hinge 

region ὒ  and the effective area moment of inertia Ὅ  of the cracked concrete section. Four frames with 2, 

4, 8 and 12 stories, designed in accordance with the Italian Building Code and characterized by a flexural 

behavior, are taken as case-studies. Structural models are coded in the OpenSees framework adopting various 

formulations of ὒ  and Ὅ  taken both from the literature and the European and the Italian codes. The results 

of the analyses are compared to the ones provided by a distributed plasticity formulation and evaluated 

considering engineering demand parameters such as internal forces and deformations, and absolute 

accelerations. The main differences between the predictions provided from the distributed and the lumped 

inelasticity approaches regard the estimates of the inter-story drift ratio and the maximum base moment, 

while predictions of absolute acceleration and maximum base shear are found to be more consistent; a certain 

influence of the number of stories is also highlighted. Eventually, the agreement between concentrated and 

distributed plasticity formulations can be improved by adopting an effective area moment of inertia of 

concrete cracked section dependent on the axial load in the structural member. 

1.1. Introduction 

Static (Pushover) and dynamic (Time-History) non-linear analyses are used in design practice to assess the 

seismic vulnerability of reinforced concrete (RC) buildings. The analyses are performed using Finite 

Element Models (FEMs), and various software programs for structural calculation, like e.g., OpenSees [1], 

Abaqus [2], MidasGen [3] and SAP2000 [4] are available to the designers. Considering the structural non-

linear response, there are two major sources of non-linearity, namely material and geometric non-linearity. 

Material non-linearity is considered the primary source of damage for low- and medium-rise building 

structures, while geometrical non-linearities should be accounted for in high-rise buildings with small aspect 

ratios subjected to large horizontal deflections that introduce P-Delta effects. For the non-linear material 

response, the Finite Element simulation falls into two main categories, namely distributed plasticity models 

and concentrated (or lumped) plasticity models  

Concentrated plasticity formulations are easier to implement, computationally more effective and are able 

to provide fairly accurate and reliable predictions in most practical situations [5], [6]. There are different 

levels of complexity that can be taken into account to address material non-linearities. For instance, the 

length of a structural member affected by anelastic behavior can be represented either by means of a single 

rotational spring with assigned non-linear moment-curvature relationships, or by an element made of non-

linear fiber sections [7]. Two important modelling decisions that have been shown to affect the accuracy of 

the model indeed concern: (i) the ñplastic hinge lengthò (ὒ ), a fictious length related with the extension of 
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the part of a structural member over which non-linear behavior is activated; and (ii) the flexural stiffness of 

the cracked concrete section, which is generally taken into account by introducing an artificially low effective 

area moment of inertia (Ὅ ).  

Several plastic hinge length formulations have been proposed in the literature (e.g., [8]-[21]) and later 

incorporated in seismic codes and guidelines (among the others, e.g., FEMA 356 [22], ACI 318 [23], 

Eurocode 8 Part 3 [24] and, with reference to the Italian scenario, the Explanatory Circular to the Italian 

Building Code [25]). To the Authorsô knowledge, a comparative evaluation of concentrated plasticity models 

for non-linear dynamic analyses of RC structures has not been conducted yet, and the choice is ultimately 

left to the structural engineer. However, not negligible differences exist among the various formulations, 

which can lead to inconsistent approaches and possibly conflicting results, see e.g., references [26], [27]. 

In the same way, though cracking is noted to reduce the stiffness of RC members and it should be accounted 

for in numerical models ([28]-[30]), a common approach is missing. Modelling strategies based on the use 

of a reduced area moment of inertia with respect to the one of the gross cross-section have some merit ([24], 

[25], [31], [32]), but the coefficients of reduction proposed in the codes are mainly empirical rather than 

based on rigorous studies [33].  

The present work aims at giving guidance to structural engineers who perform non-linear dynamic analyses 

on RC frames, by providing some insight into the effects of the modelling decisions on the plastic hinge 

length and the reduction of the area moment of inertia in lumped plasticity formulations. The study does not 

intend to provide an overview of all the available modelling choices for plasticity of RC columns and beams, 

but it focuses on modelling of structural elements where the non-linear behavior is activated at the end 

regions, while in the middle the behavior remains elastic.  

The State of Art describes the significance and the hypotheses at the basis of the plastic hinge length 

formulation and provides a critical discussion of the various expressions proposed in research works and in 

the European and the Italian norms; some expressions for the effective area moment of inertia Ὅ  of cracked 

concrete section are presented and discussed as well. 

A numerical investigation conducted on a set of four case-study RC frames is performed focusing on the 

effects of the modelling decisions. The structures, designed in compliance with the current code 

recommendations, are characterized by a flexural behavior and are respectful of the principles of the capacity 

design. Every structure has been modelled according to both distributed and concentrated plasticity 

formulations, and in each of them the inelasticity is defined at the sectional level, assigning a material 

uniaxial inelastic behavior to concrete and steel. The distributed plasticity models, where plasticity can 

spread across the whole length of each structural members, are expected to be able to capture the overall 

flexural behavior of the case-study frames ([34]-[36]), and therefore are assumed as the benchmark. Several 

concentrated plasticity models are formulated accounting for different expressions of the plastic hinge length 

ὒ  and the effective area moment of inertia taken from the literature and the European and Italian norms. 

Non-linear time histories are performed according to the provisions of the Italian Code [37], and the models 

are compared in terms of predicted structural drifts and accelerations, and reactions (forces and moments) at 
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the base, which are the engineering demand parameters usually considered for the verification of RC 

structures.  
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1.2. Review of the state of art  

In an RC frame designed according to capacity design principles, during a seismic event, plastic flexural 

mechanisms are expected to be activated at the end sections of the beams and at the basis of the columns of 

the first floor [14]. These dissipative zones, where non-linear mechanisms such as yielding of the 

longitudinal reinforcement, extensive spalling of concrete cover, diagonal cracking and crushing of concrete 

core, and buckling and fracture of longitudinal steel bars are engaged [38], represent the so-called real plastic 

hinge regions, also termed as critical zones in the Eurocode [24]. The curvature distribution inside the critical 

zones is very complex and case-dependent, as it is affected by the concrete compressive strength, the 

bottom/top reinforcement ratio, the transverse reinforcement ratio and the shear span to depth ratio [38], 

[39], and the maximum curvature may do not occur in the same section where the moment has its maximum 

[19]. 

In the framework of non-linear analyses, this complex behavior can be represented with fair accuracy by 

means of a concentrated plasticity formulation, i.e., assuming that the structure is composed of beamïcolumn 

members made of an elastic core and ñplastic hingesò of assigned length at both ends, where the plastic 

behavior can be activated. The concept of the plastic hinge length was initially introduced by Park and Paulay 

[40] who considered a cantilevered RC column subjected to a transversal force, and determined the ultimate 

top displacement according to the expression: 

  
‏
•ᾀ

σ
• • ὒ ᾀ πȢυὒ  

(1.1) 

where z is the shear span of the column, •  is the ultimate curvature at failure and •  is the curvature at 

yielding. Within this simplification, which is rigorously valid only for members characterized by a purely 

flexural behavior, the plastic hinge length (ὒ ) does not correspond to the actual length of the critical zone 

over which the inelastic deformation actually spreads, but is instead the effective length [31] over which a 

given plastic curvature is assumed to be constant and is integrated to calculate the effective chord rotation, 

including shear and fixed-end rotation contributions, under the Bernoulliôs plane section assumption [41], 

[42]. All the analytical models developed after Park and Paulay are based on this fundamental hypothesis 

([14]-[19]). Fardis [16] introduced an additional contribution to Eq. (1.1), representing the fixed-end rotation 

due to the slippage of the longitudinal bars from the anchorage zone ὥ —ȟ —ȟ , where  ὥ π 

when the slippage is not physically possible and ὥ ρ otherwise, and —ȟ ȟ—ȟ  are the rotations due 

to slippage at failure and at yielding, respectively.  

Several studies have been conducted to formulate plastic hinge length expressions suitable for beams and 

columns, and a comprehensive list is reported in Table 1-1.  
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Reference Plastic Hinge Length (╛▬■) Element applicability 

Baker, 1956[8] ὯὯὯ
Ⱦ
Ὠ  

beams and columns 

Mattock, 1964[9] 
ρ ρȢρτ ρ ρ

Ȣ
  

beams 

Sawyer, 1964[10]  πȢςυὨ πȢπχυᾀ  beams 

Corley, 1966[11] πȢυὨ πȢςЍὨ   beams 

Mattok, 1967[12] πȢυὨ πȢπυᾀ  beams 

Priestley et al., 1987[13] πȢπψᾀ φὨ  columns 

Paulay et al., 1992[14] πȢπψᾀ πȢπςςὨὪ  beams and columns 

Panagiotakos et al., 2001[15] πȢρςᾀ πȢπρτὥὨὪ  beams and columns 

Fardis, 2007[16] πȢπωᾀ πȢςὬ  beams and columns 

Priestley et al., 2007[17] πȢς ρᾀ πȢπςςὨὪ  beams and columns 

Bae et al., 2008[18] πȢσ σ πȢρ πȢςυὬ πȢςυὬ  columns 

Elmenshawi et al., 2012[19]  πȢπψᾀ πȢπςςὨὪ ὰ beams and columns 

Mortezaei et al., 2013[20] for far-fault earthquakes: 

πȢτ σ πȢρ πȢφὬ πȢφὬ  

for near-fault earthquakes: 

πȢτ σ πȢρ πȢτυὬ πȢτυὬ  

columns 

Ning et al., 2016[21] ᾀπȢπτςπȢπχς πȢςωψὬ φȢτπχὨ   columns 

Table 1-1: Plastic Hinge formulations proposed the literature 

The expressions in Table 1-1 were mainly developed upon experimental investigations conducted on beam 

and column members subjected to monotonic and cyclic loading, and only in few cases the estimation of ὒ  

was based on numerical simulations only, e.g., [20], [43].  
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In two independent studies, Bae and Bayrak [18] and Elmenshawi et al. [19] compared experimental plastic 

hinge lengths, determined either as the measured length of an extensively damaged zone or as a mathematical 

expression relating the experimental curvature to the relevant chord displacement, with analytical models 

from the literature ([8]-[15]). The large scatter of results and the different performances of the models that 

were observed were ascribed to the fact that each formulation relies on particular assumptions, including the 

position of the actual hinge, i.e. of the center of rotation in the plastic hinge model, the definition of yielding 

and ultimate curvatures, the section geometry, the constitutive behavior of materials, the transverse 

reinforcement, the support conditions and the magnitude and type of loading [20], which are not the same 

for all the models. Moreover, the assessed models give different weight to the various anelastic mechanisms, 

which makes the dependence on a particular parameter predominant over the others. 

Because the length of the zone affected by non-linear behavior tends to be greater for beams than for 

columns, dedicated theoretical expressions were proposed. The greater plastic hinge length observed for 

beams is attributed indeed to the low axial forces they are normally subjected to, which makes them more 

prone to shear-induced flexural deformations [19]. Further to this, beams are usually characterized by an 

asymmetric reinforcement layout. This feature affects the plastic hinge length too. 

In the early models ([8]-[12]), expressions for ὒ  accounted for bending deformations only. In a first 

improvement, Priestley and Park [13] proposed a two-component formulation, where the first term accounts 

for column bending, while the second term accounts for the fixedïend rotation due to bar slip and yield 

penetration of longitudinal bars into the column base. Paulay and Priestley [14] postulated the dependency 

of ὒ  on the yield strength Ὢ of the longitudinal reinforcement, to more accurately account for different 

grades of flexural reinforcement, and later Priestley et al. [17] emphasized the importance of the ratio of 

ultimate tensile strength to yield strength of steel ὪȾὪ; for low ὪȾὪ ratios plasticity is indeed activated 

close to the end section of the RC member, resulting in a short plastic hinge length, whereas high ὪȾὪ ratios 

increase the length of spread of plasticity across the RC member. 

Panagiotakos and Fardis [15] reviewed a large number of tests embracing both cantilevered columns and 

supported beams. The geometry of the tested specimens, the amount and layout of the reinforcement, the 

concrete strength, the type of steel, and the axial load covered a very large range of options. On such basis, 

the Authors proposed an expression where ὒ  still depends on the shear span ᾀ, the diameter of the 

reinforcement Ὠ and the yield strength of steel Ὢ, but increased the weight of the flexural contribution and 

reduced the weight of the reinforcement. 

Bae and Bayrak [18] formulated a new expression for ὒ  that included the dependence on the amount of 

longitudinal reinforcement through the ratio  (where ὃ  is the gross area of concrete section and ὃ is the 

area of tension reinforcement), because they observed that ὒ  has a consistent tendency to increase 

proportionally to this quantity, independently of the axial load. This behavior was confirmed in later studies 

([20], [43]). Furthermore, by testing column specimens subjected to a wide range of axial loadȟ Bae and 

Bayrak [18] concluded that ὒ  is nearly constant at low load levels but, beyond a certain threshold, namely 
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ὖ πȢς ὖ, where ὖ is the applied axial force, and ὖ is the nominal axial load capacity, it increases 

significantly with increasing of the compression.  

Elmenshawi et al. [19] introduced the contribution of the ñshear spreadò length ὰ, which is more significant 

in beams than in columns because shear effects are normally more critical in flexural elements subjected to 

low axial force, where the contribution of the concrete in resisting shear stresses can be disregarded. 

Ameli and Pantelides [44] proposed an iterative procedure to determine ὒ  for either cast-in-place or precast 

columns, capable of simulating both the local and the global experimental response. The proposed 

expressions of ὒ  accounted for both low-cycle fatigue and bond-slip and were in good agreement with 

empirical expressions available in literature, like e.g., in references [13] and [15].  

Recently, Pereira and Romão [38] highlighted the need to consider all the local mechanisms that take place 

in the critical zone, in order to properly quantify the damage localization length; in fact, before the yielding 

of the reinforcement, the interface effects, along with flexure and shear deformations, mainly contribute to 

the deformation capacity, while, after yielding, the behavior is predominantly governed by flexure. For this 

reason, the authors suggested to decouple the interface effects from the material strain level in order to 

formulate these mechanisms in terms of the size-dependent behavior of the constitutive materials at their 

ultimate state, namely the strength and the stiffness deterioration of the concrete and reinforcing steel 

compressive and tensile responses.  

It is worth mentioning that factors affecting the plastic hinge length in RC elements subjected to monotonic 

loadings could be different than those under reversed loading (either static or dynamic) [19], and therefore 

some expressions (e.g., references [15] and [16]) reported in Table 1-1 are valid under cyclic loading only. 

Based on a wide experimental and numerical background, recommendations for concentrated plasticity 

modelling of flexural RC members in non-linear analyses were introduced in the Eurocode 8 (for brevity 

EC8) for design of seismic resistant structures. Part 2 of EC8 [45] gives provisions for modelling of RC piles 

of bridges, while Part 3 [24] addresses general modelling issues of RC members of framed buildings. 

Specifically, the Code [24] provides two formulas for the plastic hinge length 

  
ὒὴὰ πȢρᾀ πȢρχὬ πȢςτ

ὨὦὪώ

Ὢ
ὧ

 
(1.2) 

  
ὒὴὰ

ᾀ

σπ
πȢςὬ πȢρρ

ὨὦὪώ

Ὢ
ὧ

 
(1.3) 

Both formulations are valid under the assumptions of the curvature profile across the member length given 

by Eq. (1.1), and the yield and ultimate rotations determined in accordance with Park and Paulay [40]. The 

Code recommends to use formula (1.2) in combination with a confinement model for concrete in accordance 

with Eurocode 2 [46], with the stress-strain relationship defined by a parabolic-rectangular curve according 

to the stress block theory; on the contrary, the formula (1.3) is valid when a more refined stress-strain model 

representing the improvement of •  with confinement under cyclic loading is assumed:   
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where Ὢ  is the confined concrete strength and ‐  is the associated strain, ‐  is the ultimate strain of the 

extreme fiber of the compression zone, ”  is the ratio of transverse steel parallel to the direction of loading 

and ‌ is the confinement effectiveness factor, which depends on the dimension of the confined core and the 

stirrup spacing. 

Both expressions of Eq. (1.2) and Eq. (1.3) include the contributions of the shear span ᾀ, the overall depth Ὤ 

of beam or column cross-section, the diameter Ὠ and the yield strength Ὢ of the longitudinal reinforcement, 

and the concrete compressive strength Ὢ. It is noteworthy that only few equations, namely those defined in 

references [8], [18], [20] and [21], among those reported in Table 1-1 account for Ὢ, since experimental 

findings reported in literature seem to suggest that RC members made of high strength concrete (up to 175 

MPa) have comparable extension of the plastic region with their normal strength concrete counterparts [19]. 

However, the concrete strength may have an indirect influence on ὒ , as shown, e.g., in reference [43], as 

it affects the curvature distribution and the flexural strength and, in turn, the shear demand on the element, 

which is considered (alongside the cross-section effective depth) the main factor influencing the plastic hinge 

length.  

By referring to the Italian scenario, the Italian Building Code ñTechnical Norm for Constructionsò (for 

brevity NTC) [37], in its Explanatory Circular [25] provides the same expression of ὒ  as in Eq. (1.2), but 

differently from EC8 [24], it suggests to adopt the detailed stress-strain model for confined concrete 

according to Mander [47], instead of the parabolic-rectangular relationship defined in Eurocode 2 [46]. The 

effect of this combination will be investigated later. 

In the concentrated plasticity formulation, the inelastic behavior is activated only within assigned regions of 

the structural member, while the remaining part is assumed to behave elastically. In order to account for the 

reduced flexural stiffness, an effective area moment of inertia Ὅ  of the elastic region intended to mimic (in 

a simplified manner) cracking-induced softening phenomena is frequently adopted ([28]-[30]). The simplest 

approach consists in taking the effective area moment of inertia as an assigned fraction of the area moment 

of inertia Ὅ of the gross cross-section, where 50% of Ὅ is a common figure ([28], [29]). In contrast, other 

authors suggest to adjust the effective stiffness on a mechanical model. Brason and Metz [48] proposed an 

expression for Ὅ  that accounts for the gradual change in stiffness with the progression of cracking 
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 (1.7a) 

ὍὪ ὓ ὓ ȟ ὸὬὩὲ Ὅ Ὅ  (1.7b) 

where ὓ  is the bending moment acting on the concrete section, ὓ  is the bending moment at first cracking 

and Ὅ  is the area moment of inertia of the cracked section evaluated at the critical point of the moment-

curvature relationship. Fardis [16] proposed both a theoretical effective stiffness, calculated directly from the 

yield moment ὓ  and the chord rotation at yielding ʃ, and an empirical effective stiffness, fitted directly to 

test results. This latter expression depends on the structural member under consideration, the possible 

slippage of the longitudinal bars from their anchorage beyond the member end section, the shear span to 

depth ratio () and the axial load ratio ʉ  (here ὔ is the axial load under gravity actions alone):   

  
ὉὍ ‌πȢψ ÌÏÇ

ᾀ

Ὤ
ρ πȢπτψÍÉÎ

ὔ

ὃ
ȟυπὓὖὥ ρ πȢςυὥ ὉὍ 

(1.8) 

where the value of ‌ depends on the member type (i.e., beams, columns, or walls) and ὥ  counts either 1 or 

0 depending on whether slippage of longitudinal steel is possible or not. 

Another approach was proposed by Priestley [49], who recommended to calculate the effective flexural 

stiffness from the bilinear approximation to the moment ï curvature relationship, according to the 

expression: 

  
ὍὩή

ὓὔ

Ὁὧ•ώ
 

(1.9) 

where Ὁ is the concrete modulus of elasticity, ὓ  is the cross-section nominal flexural strength and •  is 

the yield curvature, which for rectangular columns can be evaluated as •Ὤ ςȢρς ‐ ±10%, being ‐ the 

yield strain of the longitudinal reinforcement and h the cross-section depth [49]. This formula has the merit 

to take into account the axial force, which increases the nominal flexural strength of the columns at the lower 

stories of a multistory building, and allows to differentiate between columns and beams. For ease of 

implementation, in design codes Ὅ  is generally assigned as a fixed fraction of Ὅ, with only few exceptions, 

like e.g. the North American code ACI 318 [23]  where values of Ὅ  accounting for axial load, eccentricity, 

reinforcement ratio, and concrete compressive strength, similarly to the moment-dependent expression 

proposed by Branson and Metz [48], e.g., Equation (7), are adopted.  Part 1 of EC8 [50] assigns the flexural 

and shear stiffnesses of the cracked concrete section as one-half of the stiffnesses of the uncracked section, 

thus defining the effective area moment of inertia as: 



1 Concentrated plasticity modelling of RC frames in time-history analyses  

16 

  ὍὩή πȢυὍὫ (1.10) 

and the same provision is given in the Italian Building Code [37].  A similar approach is followed also in 

e.g., the Greek and the New Zealand codes ([31], [32]), but the two norms prescribe different reduction 

factors, ranging from πȢτὍ  for beams to πȢψὍ for the interior columns of a frame, depending on the expected 

axial load ratio of the RC member under consideration.  
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1.3. Numerical investigation 

 RC case-study frames 

The case-study structures examined in the study consist of four RC building frames from two to twelve 

stories in height. Each floor has three bays of 5 m in both horizontal directions (Figure 1-1) and a constant 

inter-story height of 3.5 m. The geometry of the four frames and the material properties are taken from 

reference [52].  

 

Figure 1-1: Typical plan of the case-study structures, with highlights of the peripheral seismic resistant frames [51] 

The structures can be assumed as paradigmatic of low-rise (2 and 4 stories) and medium-rise (8 and 12 

stories) buildings, designed in compliance with the Italian Building Code [37] for medium ductility class 

(CDB) with a behavioral factor q = 3.5, respecting the strong-column/weak-beam concept. The municipality 

of LôAquila (Italy, latitude 13.3944Á, longitude 42.366Á), a city in a high-seismic prone area (PGA = 4.062 

m/s2) belonging to seismic zone 1 (highest seismic hazard) of the Italian seismic classification [37], with soil 

Type C (medium-dense sand, gravel or stiff clay formation) and topographic category T2, is assumed for the 

design. The buildings are designed as ordinary structures subjected to overcrowding, with functional class 

cu = II, and an anticipated design life Vn = 50 years. Dead and live load contributions are given in Table 1-2, 

where the assumed live load Q = 4 kN/m2 applies to use category D (shopping areas) of the Code [37]. The 

seismic combination, calculated according to the recommendations of NTC [37] and taking a combination 

factor of 0.6 for the live load Q as prescribed for use category D, controlled the design of the buildings.   
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Level 

G1 

[kN/m2] 

G2 

[kN/m2] 

 Q 

[kN/m2] 

1 to n-1 σȢυ τȢυ  τ 

n (roof) σȢυ σȢυ  ςȢρψ 

Table 1-2: Dead and live loads (n: number of stories; G1: permanent structural loads; G2: permanent non-structural loads, Q: live 

loads) [51] 

The peripheral frames are designed to provide horizontal resistance to seismic loads, while the internal 

columns are designed to carry only gravity loads (Figure 1-1). Two-way rigid floor slabs are assumed at each 

floor.  

The frames are designed as ductile RC structures made from slender members, failing in flexure. For this 

reason, brittle mechanisms, such as shear failure of beams or columns or beam-column joints, are not taken 

into account in the numerical model. Also, other failure mechanisms like bond slip and low-cycle fatigue are 

not addressed in the study. In each building, the cross sections of beams and columns are kept constant for 

all floors (Table 1-3), in order to precisely control the locations where plastic hinges are triggered (namely, 

at the bases of the columns of the first floor and at the ends of the beams of each floor).  

 2 stories 4 stories 8 stories 12 stories 

Columns τπ Ø τπ χπ Ø χπ χπ Ø χπ ωπ Ø ωπ 

Beams σπ Ø τπ υπ Ø φπ υπ Ø χπ υπ Ø ωπ 

Table 1-3: Cross-section dimensions for columns and beams, in [cm] [51] 

In accordance with NTC [37], the total longitudinal reinforcement ratio ” of the seismic resistant columns 

ranges from 1% to 4%, while in beams the ratio of the longitudinal reinforcement in tension, ”, and the ratio 

of the longitudinal reinforcement in compression, ”ȟ fulfill the condition 
Ȣ
” ”

Ȣ
  (Table 1-4). 
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Floors 2 stories 4 stories 8 stories 12 stories 

 ” ” ” ” ” ” ” ” 

ρρ ρς       πȢτχ πȢτχ 

ω ρπ       πȢυω πȢυω 

χ ψ      πȢυς πȢυς πȢχρ πȢχρ 

υ φ      πȢχχ πȢχχ πȢψς πȢψς 

σ τ    ρȢπρ πȢχφ ρȢπσ ρȢπσ πȢωτ πȢωτ 

ρ ς  ρȢφ ρȢςφ ρȢςφ ρȢσ ρȢπσ ρȢπσ ρȢρψ ρȢρψ 

Table 1-4: Longitudinal reinforcement ratios in tension and in compression in the critical zones of beams, in [%] [51] 

The spacing of transverse reinforcement s in the critical zones of the structural members is determined as  

Ó  ÍÉÎȠρχȢυὧάȠψὨ  for seismic resistant pillars, and as ί  ÍÉÎ ȠςςυάάȠψϽὨȠςτὨ  for 

beams, where ὄ is the section width of the pillars, ‒ is the lever arm of the beam cross-section and Ὠ  Ó 6 

mm is the diameter of the stirrups. Table 1-5 and Table 1-6 provide the shear reinforcement ratio ”  in the 

critical zones of beams and columns respectively, determined as the ratio , where ὃ  is the area of the 

transverse reinforcement parallel to the direction of horizontal loading and " is the cross-section width of 

the structural element. 

Floors 2 stories 4 stories 8 stories 12 stories 

ρρ ρς    πȢσυ 

ω ρπ    πȢτφ 

χ ψ    πȢσυ πȢτφ 

υ φ    πȢτς πȢυφ 

σ τ   πȢτψ πȢυς πȢυφ 

ρ ς  πȢφψ πȢυψ πȢυς πȢχπ 

Table 1-5: Shear reinforcement ratio in the critical zones of beams, in [%] [51] 
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Floors 2 stories 4 stories 8 stories 12 stories 

ÁÌÌ πȢχφ πȢωω 1.42 ρȢτφ 

Table 1-6: Shear reinforcement ratio in the critical zones of columns, in [%] [51] 

 Numerical model of the RC case-study frames 

Given the regularity in plan of the examined case-study frames and their symmetry along two horizontal 

axes, for each building a simplified 2D analysis is conducted on a single external peripheral seismic resistant 

frame in the X-direction and considering the tributary loads and masses pertaining to this frame, in line with 

accepted practice [29], [53]. This simplification allows to ease the interpretation of the results and to focus 

on the differences observed by using different modelling approaches [28], [29].  

Seismic masses were evaluated by taking into account the combination of full permanent loads and live loads 

as recommended in the Code [37]. The periods of the first and second vibration modes of the frames, 

associated to more than 85% of the modal mass, are listed in Table 1-7. The apparently anomalous decrease 

of the fundamental period observed by switching from the two-story to the four-story frame is however 

justified by the huge increase of the cross-sections of beams and columns (Table 1-3), which results in an 

overall increase in stiffness for the taller building. 

Period [s] 2 stories 4 stories 8 stories 12 stories 

4 πȢτωπ πȢτσσ 0.815 πȢωρφ 

4 πȢρυχ πȢρσπ 0.262 πȢςωσ 

Table 1-7: Elastic periods of the case-study frames [51] 

Finite element models of the structures are formulated within the OpenSees framework [1] according to two 

approaches: distributed plasticity and concentrated plasticity. In the first approach, beams and column 

members are modeled using the forceBeamColumn element object, which is based on the iterative force-

based formulation [7]. This element object accounts for three distinct sub-elements, which represent the two 

external regions and the internal (middle) region of the member, respectively, and permits to assign a 

different material section model to every sub-element. A two-point Gauss-Radau integration scheme applied 

to each sub-element is used in the element state determination, for a total of six integration points across the 

whole element object [7], while geometrical consistency and equilibrium of internal forces between the sub-

elements is provided by the object formulation. A variety of combinations of material models, either linear 

or non-linear, can be used for the external and the internal regions, encompassing both distributed plasticity 

and plastic hinge integration. The external regions correspond to the critical zones where non-linear behavior 

is supposed to be activated [37] and are characterized by closer stirrup spacing, as described in Section 3.1. 

In these regions, the confined concrete core presents higher compressive strength and ultimate strain than 
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the confined core of sections located in the middle region of the member. A material non-linear fiber section 

model is formulated in both the external and the middle sub-elements, allowing the spread of the plasticity 

also beyond the critical zones. Each steel bar is modeled as a single fiber using uniaxial Giuffre-Menegotto-

Pinto constitutive law [54], corresponding to Steel02 material model with isotropic strain hardening [55]. 

The yield strength Ὢ, the modulus of elasticity Ὁ and the strain-hardening ratio ὦ are assumed equal to 390 

MPa, 200,000 MPa and 0.01, respectively; the parameters that control the transition from the elastic to the 

plastic branch are assigned as Ὑ ρψ, ὅ πȢωςυ and ὅ = 0.15, as recommended in reference [56]. The 

concrete part of the cross-section is discretized into 5 fibers in the cover patches and 20 fibers in the core 

patch. The Mander concrete model [47] is implemented with initial elastic modulus Ὁ = 29,584 MPa, using 

the library uniaxial material Concrete04, which is based on the model proposed by Popovics [57]. Concrete 

class is C35/45; the compressive strength of the concrete cover is Ὢ =35 MPa and strains ‐ and ‐  are 

0.002 and 0.004 mm/mm, respectively. Strength and strains of the confined concrete of the core patch are 

adjusted depending on the reinforcement details of the specific cross-section. The concrete tensile strength 

and corresponding strain are Ὢ= 3.67 MPa and ‐= 0.000124 mm/mm. 

In the concentrated plasticity approach, beams and column members are modelled again using the 

forceBeamColumn element [7]; a linear elastic material behavior is assigned to the internal sub-element, 

whereas the non-linear behavior can be activated only in the two external sub-elements. In these plastic 

regions, whose length is assigned by the user, the concrete non-linear behavior is modelled through a fiber 

section model with same material parameters used in the distributed inelasticity formulation, while an 

effective moment of inertia Ὅ  of the elastic element interior is considered to account for concrete cracking. 

In this version with elastic interior, the element object is also known as beamWithHinges element object [7], 

[56]. The same two-point Gauss-Radau integration scheme and the same number of integration points (six 

across each element object) is therefore used in the element state determination for both distributed and 

concentrated plasticity representations. 

The six expressions of ὒ  considered in the formulation of the concentrated plasticity models and the 

supporting hypotheses are listed in Table 1-8. Each expression for ὒ  cannot be implemented independently 

of the paradigms introduced for the curvature profile, method to compute the yield and ultimate curvatures 

and moments, as well as for the adopted concrete confinement model and type of loading [16], [58]. For this 

reason, only expressions respectful of the hypotheses of Eq. (1.1) [40] and valid for both beam and column 

members have been considered. All the expressions in Table 1-8 were evaluated considering a well-detailed 

confinement model [47], and are valid for cycling loading, in line with the scope of the present work. The 

expressions P-P [14] and NTC (Eq.(1.2)) [25] can be implemented along with the classical Mander model 

for confined concrete, while CEN (Eq.(1.3)) [24], P-F [15] and FAR [16] expressions require the modified 

Mander formulation described by Eqs.(1.4) ï (1.6). However, since the concrete strengths evaluated by the 

two formulations differ by less than 5% and the ultimate strains are nearly equivalent, the classical Mander 

concrete model has been adopted in the study whichever the plastic hinge model to be implemented. It must 

be mentioned that only the ELM expression [19] is not associated to any specific confinement model, but 
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the material and reinforcement properties of the case-study frames are within the range assessed in the 

experimental tests used for the development of the model [19] and therefore it is assumed that the Mander 

model can be adopted also for this formulation. 
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Table 1-8: Plastic hinge length formulations investigated in the study [51] 
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À  not specified in the reference 

Table 1-8 continued: Plastic hinge length formulations investigated in the study [51]  
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The flexural area moment of inertia of the  interior elastic sub-element was initially reduced by 50% with 

respect to that of the gross cross-section, , as recommended in both NTC [37] and EC8 [50]. In order to 

assess the effect of the axial load, which increases the cross-section flexural strength of the columns at the 

lower stories, additional analyses were performed by considering the expression of the effective area 

moment of inertia proposed by Priestley [49] as per Eq.(1.9). The two expressions for Ὅ  will be labelled 

hereinafter as ὍȢ  (Eq.(1.10)) and Ὅ (Eq.(1.9)), respectively. For each case-study frame a total of 12 

analyses was therefore carried out considering the combinations of the six ὒ s and the two Ὅ s. 

In all models, the masses of the structural members (beams, columns, and slabs) are concentrated at the 

nodes, dead and live loads are uniformly distributed on each beam and have been calculated according to 

the tributary area concept; P-Delta effects are considered in the analysis, while bond slip and low-cycle 

fatigue effects have been disregarded. The columns at the ground floor have fixed base supports, simulating 

rigid foundations. The damping of the frame is defined according to the Rayleigh method. However, 

according to other studies ([17], [59]-[62]), the damping matrix is computed as a function of the tangent 

stiffness matrix only, assuming 5% damping ratio [63], [64]. In spite today it is well accepted that the values 

of damping of RC structures should range between 0.5% and 2% for NLTH analyses [65], [66], a 5% value 

has been chosen in order to take into account the energy dissipation coming from possible infill panels or 

other non-modelled non-structural components.  

The floor slabs are modeled as rigid diaphragms, by constraining the nodes belonging to the same floor to 

have the same displacement. As highlighted e.g., in references [27], [53], the interaction between beam 

elements modeled with fiber sections and the rigid diaphragm may distort the response of the structure, 

overestimating the moment resistance of the beams. Under the effect of the seismic action, concrete elements 

tend to crack and because of that, the neutral axis of the RC cross-section undergoes a shift. The rigid 

diaphragm prevents the movement of the neutral axis, causing fictitious compressive axial forces in the 

beams, thus overestimating the actual bending moment resistance and modifying the overall collapse 

mechanism. To avoid this numerical issue, following Barbagallo et al. [53], an ñaxial bufferò has been 

introduced in the FE model. This element, which is assigned through a zeroLength element object [67] 

characterized by a virtually zero axial stiffness and very high stiffnesses in shear and bending, is placed 

between one end of each beam and the adjacent node belonging to the rigid diaphragm, and it works as an 

axial release to eliminate the fictitious axial force.   

In accordance with NTC [37] and with established practice, non-linear dynamic analyses were performed 

considering a set of seven natural ground motions selected from the European Ground Motion Database [68] 

using the computer program REXEL [69]. The seismic inputs agree, in the interval of periods between 0.15 

and 2.0 seconds, with the elastic spectrum at 5% equivalent viscous damping ratio defined by the Code [37] 

for the life-safety limit state (SLV) of an ordinary structure (functional class cu=II) with a nominal life Vn = 

50 years, located in LôAquila, soil type C, category T2.. The magnitude (Mw) of the seven events was chosen 

within the interval [5.3 ï 7.3], with an epicentral distance (Rep) in the range 0ï30 km. Details of the input 

ground motions are provided in Table 1-9 and Figure 1-2.   
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Waveform ID 

PGA 

[m/s2] 

SF 

[-] 

t 

[s] 

Station ID Earthquake Name Magnitude Mw 

Rep  

[km] 

42ya ςȢτω ρȢφς ςφȢυς ὛὝψ Ionian υȢψ ρυ 

133ya πȢωσ τȢσυ ςφȢτς ὛὝσσ Friuli φȢπ ω 

333xa ςȢςυ ρȢψπ τρȢψφ ὛὝρςρ Alkion φȢφ ςπ 

599xa πȢωχ τȢρυ τχȢρχ ὛὝςςσ Umbria Marche υȢχ ςυ 

772xa πȢυφ χȢρφ ρυȢρφ ὛὝςςσ U m b r i a  M a r c he υȢσ ςπ 

1726ya ςȢφτ ρȢυσ ςωȢρψ ὛὝυτω Adana φȢσ σπ 

6975ya πȢυρ χȢωσ στȢψυ ὛὝσςχ Izmit υȢψ ςφ 

Table 1-9: Selected natural ground motions; PGA = Peak Ground Acceleration, SF = Scale Factor, t = duration of the earthquake 

[51] 

 

Figure 1-2: Scaled ground motion spectra and target spectrum according to NTC [37] [51]  

Since one of the selected inputs shows an extremely high acceleration peak close to the first periods of the 

2-story and the 4-story frames (i.e., 0.490 sec and 0.433 sec, respectively), it was preliminary checked that 

this record would not induce any irregular behavior of the structures that could bias the results. The maximum 

scatter from the mean estimates was found on the order of either 25% (2-story frame) or 35% (4-story frame) 

for the inter-story drift, and significantly smaller for the floor accelerations and the internal forces in the 

columns at the first floor. 
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1.4. Results 

Since the structures are designed in compliance with the Italian code [37] and respectfully of the principles 

of the performance-based design, the distributed plasticity formulations (hereinafter referred to as FIBER 

models) of the four case-study frames are used as the benchmarks. Indeed, in the distributed plasticity model 

the non-linear behavior is not supposed/intended to be activated in assigned regions of the structural 

members, but can spread across their whole length, capturing in a more reliable way the overall flexural 

behavior of the frame ([34]-[36]. The concentrated plasticity models have been formulated as coherent and 

comparable to each other as possible, using expressions of the plastic hinge length ὒ  respectful of the same 

fundamental hypotheses, applicable to both beam and column members and valid under cyclic loading. 

Moreover, these models are consistent with their distributed plasticity counterpart since all of them 

incorporate the same material properties and constitutive behaviors. 

As a first consistency check, plastic deformations were verified to occur in the frames at the same locations 

independently of the adopted plasticity model. Figure 1-3 highlights the locations where activation of the 

plastic hinges has been predicted in time-history analyses. Only plastic hinges that are predicted both from 

the concentrated plasticity formulation of the frame and from the 12 distributed plasticity formulations 

(resulting from the six ὒ  and the two Ὅ ) have been reported. Filled spots indicate plastic hinges that are 

engaged in each model from all ground motions, and empty spots indicate hinges that are engaged in each 

model by at least two out of the seven ground motions, but not by all of them. The activation of plastic 

mechanisms at the ends of the beams and at the bases of the ground floor columns is in agreement with the 

capacity design principles, anticipated in the design of the case-study structures. It is apparent that in each 

frame, plastic hinges were triggered at the same locations, and the results were coherent regardless of the 

modelling choice.  It is also worth noting that in the 8-story and the 12-story frames plastic hinges always 

formed in the external columns of the ground floor but not always in the internal columns, though these latter 

are subjected to greater moments, because the effective strength of the external columns can be significantly 

reduced with respect to the nominal value due to the variation of axial load during lateral swinging of the 

building. 

 

Figure 1-3: Locations of the plastic hinges triggered in the case-study frames [51] 



1 Concentrated plasticity modelling of RC frames in time-history analyses  

28 

At the end of the time-history analyses, the response of the case-study structures has been evaluated 

considering engineering demand parameters such as inter-story drifts, absolute accelerations, and maximum 

forces and moments in the ground floor columns. During the post-processing of the analysis results relevant 

to each case-study frame, the maxima of each demand parameter have been identified for each time-history 

analysis (i.e. for each ground motion in Table 1-9); then, the mean value of these maxima has been computed 

for each plasticity formulation and evaluated. A detailed comparison among local-level response of the 

models is out of the scope of the present work. 

Figure 1-4 to Figure 1-7 show the results obtained from the analyses performed considering the combination 

of the various plastic hinge lengths with a 50% reduction of the area moment of inertia (ὍȢ ) for the elastic 

interior of beam and column members, compared to the results provided by the distributed plasticity 

formulation (FIBER). The comparison is made in terms of maximum inter-story drift ratio ῳ  and 

maximum Peak Floor Acceleration ὖὊὃ  evaluated over the whole structure, and maximum base shear 

ὠ  and base moment ὓ  in ground floor columns. 

Regardless of the modelling approach, i.e. whether distributed or concentrated plasticity is implemented, and 

the adopted plastic hinge formulation, the 2-story and 4-story frames present the maximum inter-story drift 

ratio at the second floor, the 8-story frame at the third floor and the 12-story frame at the sixth floor; the 

maximum accelerations always occur at the last floor of each frame, while the most stressed elements across 

the frames are the internal columns at the ground floor, and for this reason, in the study the maximum base 

shear and the maximum base moment will always refer to these members. 

Figure 1-4 shows the results for the maximum inter-story drift ratio ῳ : the panel on the left compares the 

estimates provided by the various ὒ  formulations, while the panel on the right shows the relative deviation 

(in %) of each estimate from the benchmark value provided from the distributed inelasticity model. For the 

2-story, 4-story and 8-story frames the concentrated plasticity models underestimate the benchmark response 

(Figure 1-4a); more precisely, the deviation is on the order of -10% for CEN, FAR, P-P and P-F formulations, 

whichever the frame, while the ELM and the NTC models provide a better agreement for the 4-story and the 

8-story frames, with deviations on the other of -5% (Figure 1-4b). The opposite behavior is noticed for the 

12-story frame: CEN, FAR, P-P and P-F formulations are in good agreement with the benchmark, while 

ELM and NTC overestimate it by about 5%. Only for the 2-story building the drift is not significantly 

affected by the assumed plastic hinge model. 

Also for the maximum base moment ὓ  (Figure 1-5) the concentrated plasticity models underestimate 

the results of the distributed plasticity representation, though providing values comparable to each other. 

Relative deviations from the benchmark are on the order of -5% for the 2-story and 4-story frames, but rise 

to -10% for medium-rise buildings. 

A fair agreement between the concentrated and the distributed plasticity formulations is found when the 

maximum base shear force and the maximum Peak Floor Acceleration are examined, with deviations in 

general smaller than 5% (Figure 1-6 and Figure 1-7). Regarding ὖὊὃ , with P-P, P-F, FAR and CEN 

formulations the relative deviation (Figure 1-6b) is positive for low-rise frames, and negative for the 8-story 
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and the 12-story frames, but always less than 3%; the ELM and NTC models show a very fair agreement 

with the benchmark for all the buildings but for the 12-story frame, for which the deviation is on the order 

of 7 ï 8%. 

a)  b)  

Figure 1-4: Maximum inter-story drift ratio ῳ  (combination of ὒ  with ὍȢ ) [51] 

a) b)  

Figure 1-5: Maximum base moment ὓ  (combination of ὒ  with ὍȢ ) [51] 

a)  b)  

Figure 1-6: Maximum Peak Floor Acceleration ὖὊὃ  (combination of ὒ  with ὍȢ ) [51] 
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 a) b)  

Figure 1-7: Maximum base shear force ὠ  (combination of ὒ  with ὍȢ ) [51] 

Figure 1-8 to Figure 1-11 show the results obtained from the analyses performed combining the concentrated 

plasticity formulations with the effective area moment of inertia Ὅ according to Eq.(1.9). 

In general, the lumped plasticity formulations keep underestimating the maximum inter-story drift ratio 

ῳ  (Figure 1-8) predicted in the distributed plasticity approach (with only few exceptions, e.g., the 12-

story frame with ELM or NTC models), but the agreement is significantly improved in comparison to Figure 

1-4 for the 4-story and the 8-story frames: for the first structure, the deviations from the distributed plasticity 

benchmark become negligible, and for the second one, the deviation is on the order of 4% for ELM and CEN 

formulations, and of 6-7% for the other models. In contrast, there is no apparent benefits when the 12-story 

frame is considered: for ELM and NTC models the accord does not change, while for the others the deviation 

changes from a virtually zero value to about -5%. For the 2-story frame there is no substantial change with 

respect to Figure 1-4. 

The  maximum Peak Floor Acceleration ὖὊὃ  estimates (Figure 1-9) do not change significantly for the 

2-story and the 4-story frames with respect to the results shown in Figure 1-6, while the agreement with the 

benchmark improves for the 8-story frame: notably, for these three frames the lumped plasticity formulations 

show a fair agreement with the distributed plasticity approach. For the 12-story frame the ὖὊὃ  is slightly 

overestimated by the plastic hinge formulations, with a deviation on the order of 5% for all models but for 

ELM and NTC models which have a deviation higher than 7%.  

Also for the maximum base shear ὠ  (Figure 1-10), the results of the concentrated plasticity models are 

not significantly affected from the adopted expression for the effective area moment of inertia, and are 

comparable to those shown in Figure 1-7, confirming an acceptable agreement with the distributed plasticity 

approach (deviation less than 5%).  

A remarkable improvement on the estimate of ὓ  is instead evident by comparing Figure 1-11 to Figure 

1-5; the deviation between the lumped plasticity models and the benchmark is reduced to values below 10%, 

and for the 4-story frame, in some cases the deviation is even negligible. Anyway, the results confirm that 

the agreement is better for low-rise than for medium-rise frames, and the influence of the adopted plastic 

hinge formulation is generally low. 
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a) b)  

Figure 1-8: ῳ  and % of deviation (combination of ὒ  with Ὅ) [51] 

a) b)  

Figure 1-9: ὖὊὃ  and % of deviation (combination of ὒ  with Ὅ) [51] 

a) b)  

Figure 1-10: ὠ  and % of deviation (combination of ὒ  with Ὅ) [51] 
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a) b)  

Figure 1-11: ὓ  and % of deviation (combination of ὒ  with Ὅ) [51] 

Non-structural components, such as supply lines, plants and architectural elements, as well as technological 

content that may be present in the buildings, are sensitive to displacements and/or accelerations [70]; for this 

reason, a second comparison is made in terms of peak inter-story drift ratio ῳ and peak floor acceleration 

ὖὊὃ at each floor. The results shown in Figure 1-12(a) to Figure 1-19(a) pertain to FIBER, P-P, CEN and 

ELM formulations combined with the effective area moment of inertia ὍȢ  ÁÃÃÏÒÄÉÎÇ ÔÏ %ÑȢρȢρπ, and 

those shown in Figure 1-12(b) to Figure 1-19(b) pertain to P-P, CEN and ELM formulations combined with 

Ὅ according to Eq.(1.9). For sake of brevity, the results associated to P-F, FAR and NTC models have been 

omitted because very close to the ones relevant to P-P and ELM, respectively. 

As apparent in Figure 1-12 to Figure 1-15, the lumped plasticity models generally provide a stiffer behavior 

than the distributed plasticity approach, underestimating the inter-story drift at each floor. However it is 

noted that for the 12-story frame the ELM model overestimates, in particular at floors 6 and 7 where the 

largest drifts occur, the response calculated by the FIBER model, consistently with the results presented in 

Figure 1-4 and Figure 1-8. 

In contrast, the predicted Peak Floor Acceleration is not substantially affected by the modelling choice 

(Figure 1-16 to Figure 1-19), even though for the 12-story frame the concentrated plasticity models estimate 

slightly higher accelerations at the top floor than the benchmark.  These results are consistent with those 

shown in Figure 1-6 and Figure 1-9. 

Analyzing more in detail the effects of the modelling choices, the estimates of drift ratio and peak floor 

acceleration of the 2-story frame (Figure 1-12 and Figure 1-16) seem to be affected neither by the choice of 

ὒ  nor by the effective area moment of inertia. However, while the differences from the distributed plasticity 

model in terms of ὖὊὃ are negligible, the drifts are significantly underestimated. 

For the 4-story frame the agreement on drift estimates is significantly improved by combining ὒ  with Ὅ, 

and the diagrams of the various models practically overlap (Figure 1-13b). For the 8-story and 12-story 

frames, the differences among the models are more evident, in particular, when Ὅ  is taken as ὍȢ : the 

ELM curve is the closest to the benchmark at each floor, while CEN and P-P plots, though in good agreement 
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with each other, underestimate the FIBER values. The discrepancy between the lumped plasticity models 

and the benchmark are reduced when Ὅ  is assigned as Ὅ, Figure 1-14b and Figure 1-15b. 

Little influence of the effective area moment of inertia is instead found on the estimate of floor acceleration. 

In general, the agreement on ὖὊὃ is already very good among all models when ὍȢ  is assigned, and 

switching to Ὅ  does not lead to any practical improvement. Actually, only for the 12-story building (Figure 

1-19) a certain mismatch is observed between P-P and CEN models on one side, and FIBER and ELM 

models on the other side, but the difference, which concerns only the intermediate floors, is within 10%, and 

does not affect ὖὊὃ  which is attained at the top floor. 

a) b)  

Figure 1-12: Inter-story drift ratio ῳ across the 2-story frame: a) a) ὍȢ ; b) Ὅ [51] 

a) b)  

Figure 1-13: Inter-story drift ratio ῳ across the 4-story frame: a) ὍȢ ; b) Ὅ [51] 

a) b)  

Figure 1-14: Inter-story drift ratio ῳ across the 8-story frame: a) ὍȢ ; b) Ὅ [51] 
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a) b)  

Figure 1-15: Inter-story drift ratio ῳ across the 12-story frame: a) ὍȢ ; b) Ὅ [51] 

a) b)  

Figure 1-16: Peak Floor Acceleration ὖὊὃ across the 2-story frame: a) ὍȢ ; b) Ὅ [51] 

a) b)  

Figure 1-17: Peak Floor Acceleration ὖὊὃ across the 4-story frame: a) ὍȢ ; b) Ὅ [51] 

a) b)  

Figure 1-18: Peak Floor Acceleration ὖὊὃ across the 8-story frame: a a) ὍȢ ; b) Ὅ [51] 
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a) b)  

Figure 1-19: Peak Floor Acceleration ὖὊὃ across the 12-story frame: a a) ὍȢ ; b) Ὅ [51] 
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1.5. Discussion 

The engineering demand parameters that appear to be mainly affected by the modelling decisions are the 

inter-story drift ratio ῳ and the maximum moment in the ground floor columns ὓ , while  the peak floor 

acceleration ὖὊὃ and the maximum base shear ὠ  are less influenced. When a 50% reduction of the gross 

area moment of inertia ὍȢ of the cracked concrete section is assigned to every beam and column member, 

plastic hinge lengths according to the ELM and NTC formulations provide the estimates more in agreement 

with the distributed plasticity approach (Figure 1-4, Figure 1-12 - Figure 1-15). This especially occurs when 

the medium-rise (8-story and 12-story) frames are analyzed. In contrast, the results of the 2-story frame are 

practically unaffected by the modelling choices, and the inter-story drifts of the benchmark model are 

considerably underestimated regardless of the assumed plastic hinge length or the effective area moment of 

inertia, whereas the agreement on the internal forces in the most stressed columns at the ground floor is very 

fair. 

The performances of the various formulations can be explained by considering the extension of the plastic 

hinge region associated to each model, as shown in Figure 1-20. P-P and P-F formulations provide very close 

values of ὒ , both for column members (ὒ  from 0.30 to 0.33 m) and for beam members (ὒ  from 0.35 to 

0.38 m), whichever the analyzed frame, and indeed these two models yield similar results, as shown in Figure 

1-12 to Figure 1-19. The two models account, in the expression of ὒ , for the contributions of the shear span 

z and of the longitudinal reinforcement (Table 1-1): indeed P-F assumes a 50% higher contribution of z than 

P-P, but this is counterbalanced by a lower influence of the reinforcement contribution ὨὪ. The FAR 

formulation anticipates shorter plastic hinge lengths than the previous two models, especially for the 2-story 

and the 4-story frames, but the difference disappears in taller structures. It is worth recalling that in the theory 

underlying the FAR formulation the dependence upon the reinforcement is not explicit in the formulation of 

ὒ  but it is included in the expressions of the rotations at yielding and failure (Table 1-8). 

The ELM formulation accounts, as an additional contribution, for the length of the shear spread, which is 

more important in beam than in column members. The predicted plastic hinge length is the largest among 

all the examined models, and ranges from 0.45 to 0.75 m for columns and from 0.50 to about 0.8 m for 

beams (Figure 1-20) depending on the considered frame. 

The expressions of ὒ  provided by the European and the Italian codes depend on the shear span, the section 

depth and the longitudinal reinforcement, but assign different weights to each contribution (Eq. (1.2) and 

Eq. (1.3)). Therefore, the plastic hinge lengths calculated according to NTC are about two times greater than 

their CEN counterparts, and close to ELMôs.  In this regard it is worth noting that in the 8-story and 12-story 

frames the plastic hinge lengths calculated according to NTC and ELM formulations stretch to about 1/6 of 

the total length of each structural member; in contrast, plastic hinge lengths according to P-P, P-F and FAR 

formulations are on the order of 10% of the member length for columns, and 8% for beams; intermediate 

values are provided by the CEN formulation. But for P-P and P-F models, the length of plastic hinge region 
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increases with the number of stories, which explains the poor agreement with the distributed plasticity model 

in terms of inter-story drift observed in the 2-story frame. 

    

Figure 1-20: Plastic hinge length ὒ  for column and beam members [51] 

Disregarding the ELM and NTC models, for which the benefit is indeed negligible, the estimates of demand 

parameters provided by the concentrated plasticity formulations show an improved agreement with the 

distributed plasticity benchmark when the reduction of the gross area moment of inertia is assigned according 

to Eq. (1.9), i.e. Ὅ Ὅ. This formula indeed, which accounts for the contribution of the axial load, 

differentiates between column and beam members, and among columns at different floors. The ranges of the 

coefficients of reduction of Ὅ with respect to the area moment of inertia of the gross cross-section Ὅ 

calculated by Eq. (1.9) for the examined case-study frames are reported in Table 1-10. Beams, characterized 

by negligible axial force, have coefficients of reduction considerably lower than columns subjected to high 

axial load, which has a beneficial effect in increasing the cross-section nominal flexural strength. It is worth 

noting that the reduction coefficients shown in Table 1-10 are comparable to the ones prescribed in the New 

Zealand norm [31]. 

Member 2 stories 4 stories 8 stories 12 stories 

Beam πȢσχ πȢςυπȢσ πȢςτπȢςψ πȢςςπȢστ 

Column, internal πȢυχπȢφ πȢυσπȢτφ πȢυφπȢυψ πȢυςπȢυψ 

Column, perimetral πȢυφπȢυχ πȢυσπȢυτ πȢυυπȢυω πȢυτπȢυω 

Table 1-10: Reduction coefficients of the gross area moment of inertia of the case-study frames according to Eq. (1.9) 

[51] 

As highlighted in Figure 1-8, for the 4-story, 8-story and 12-story frames the concentrated plasticity models 

combined with the reduced area moment of inertia Ὅ yield estimates of ῳ  which deviate less than 10% 

from the benchmark; these results are also confirmed from the plots reported in Figure 1-13 to Figure 1-15 

which show that the global deformation of the distributed plasticity model is well captured, especially for 

the 4-story frame. Good agreement is obtained also in terms of ὖὊὃ, ὖὊὃ  and ὠ  (Figure 1-9, Figure 

1-10, and Figure 1-16 to Figure 1-19) with scatter less than 5%, even if these response parameters are less 
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affected by the choice on Ὅ . Also for ὓ  assigning Ὅ Ὅ leads to an improved agreement for P-P, P-

F, FAR and CEN models (Figure 1-11).  Generally speaking, the adoption of the area moment of inertia Ὅ 

dependent upon the axial load benefits more those lumped plasticity models which are characterized by a 

ñshortò plastic hinge length than those anticipating a ñlongò ὒ  (e.g., ELM and NTC models), which indeed 

stretches across a significant part of the total length of the structural member and consequently is likely to 

envelop the actual cracked region. 

The effective area moment of inertia Ὅ  does not carry any substantial improvement in the analyses of the 

2-story frame. Therefore, regarding the accuracy of the results, the lumped plasticity approach does not seem 

a viable alternative to distributed plasticity modelling for very short-rise buildings. 

The results presented in this study highlight that for non-linear analyses of framed RC buildings adopting a 

lumped plasticity formulation in accordance with  Eurocode 8 [24] or with the Italian Building Code [25], 

the agreement with the results of a full distributed plasticity formulation can be substantially improved, in 

terms of inter-story drifts and maximum base moments, when the effective area moment of inertia Ὅ  of the 

elastic region of each member is assigned according to the formula given in Eq.(1.9) accounting for the effect 

of the axial load, rather than according to the formula Ὅ πȢυὍ provided in the Codes themselves. This 

suggests that a more realistic approach is to differentiate the value of Ὅ  between either beam or column 

members, as well as among columns subjected to different levels of axial load, in line with other norms 

(references [31] and [32]). 
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1.6. Conclusions 

The study investigates the performance of concentrated plasticity models used to represent the non-linear 

response of RC frames with flexural behavior in the context of time-history analyses. The models were 

formulated in the OpenSees framework using the forceBeamColumn element object [7] coded in the software 

libraries, considering different modelling choices pertaining to the length of the plastic hinge region ὒ  and 

the effective area moment of inertia Ὅ  of the cracked concrete section. Four reinforced concrete frames 

with 2, 4, 8 and 12 stories were taken as case-study structures. The frames were designed in compliance with 

the current code recommendations and according with the principles of the capacity design, avoiding brittle 

collapse; other failure mechanisms, such as bond slip or low-cycle fatigue, were not considered as well. Non-

linear dynamic analyses were performed, and the response of the frames evaluated under a set of seven 

spectrum-compatible earthquakes according to the Italian Building Code [37]. Only plastic hinge 

formulations valid for cyclic loading and applicable to both column and beam members were taken into 

account.  

The main outcomes of the research are summarized in the next points: 

(1) depending on the modelling decision, the plastic hinge length ὒ  varied between 10% and 20% of the 

member length for columns, and between 8% and 16% of the member length for beams, and, in the examined 

frames, was also affected from the height of the building, with greater lengths anticipated for taller structures; 

these differences were reflected in the analyses, with closer results provided by the models yielding 

comparable values of ὒ ; 

(2) all the concentrated plasticity models were able to capture the global mechanical response of the case-

study buildings predicted according to a distributed plasticity formulation, and to identify the locations where 

plastic hinges were triggered; 

(3) regardless the choice of the plastic hinge length ὒ  and the effective area moment of inertia Ὅ  of cracked 

concrete sections, estimates of absolute acceleration and maximum base shear provided by the concentrated 

plasticity models were in acceptable agreement with the distributed plasticity benchmark; in contrast, lumped 

plasticity models tended to underestimate the inter-story drift ratio and the maximum base moment in all 

frames, with the only exceptions of the 12-story frame , where the drifts were overestimated by the ELM 

and NTC models; better agreement on the maximum base moment was consistently achieved in low-rise 

than in medium-rise buildings; 

(4) regarding the modelling choice used to account for the reduced flexural strength of the cracked concrete 

section, a closer agreement with the results provided from the distributed plasticity approach was achieved 

by assigning an area moment of inertia dependent upon the axial load (Eq.(1.9) in the Chapter), rather than 

a fixed 50% reduction of gross area moment of inertia as recommended in the European [50] and the Italian 

[37] codes. The improvement was more evident for lumped plasticity formulations anticipating a ñshortò 

plastic hinge length than a ñlongò ὒ ; in the latter case, the assigned region, where plastic deformation is 
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allowed to occur, indeed extends over a significant part of the total length of the structural member and 

consequently is likely to envelop the actual cracked region; 

The results of the study therefore suggest that, but for very low-rise frames like, e.g., the 2-story frame 

examined in the study, a better agreement with the results of distributed plasticity analyses, especially in 

terms of maximum inter-story drift ratio and maximum base moment, can be achieved by adopting different 

values of Ὅ  for either beams or columns, as well as for columns subjected to different levels of axial load, 

in line with the provisions of other norms [31], [32]. 

It should be noted that these conclusions might only apply to buildings exhibiting a strong-column/weak-

beam behavior in line with the capacity design. The results were obtained examining four frames, from two 

to twelve stories in height, characterized by a regular distribution in plan and elevation, and considering only 

a set of seven ground motions. Though the number of ground acceleration histories is in accordance with the 

prescriptions of the Italian Building Code [37], bias-related issues due to the low number of ground motions 

may be a concern. In a future development the investigation will be extended to buildings with irregular plan 

and will consider a larger number of ground motions, representing different site characteristics and 

comprising both near-fault and far-field events, in order to confirm the validity of the present conclusions 

over a large variety of practical conditions. Nevertheless, despite these current limitations, the Authors 

believe that the study has some merit in providing, for the first time, a comprehensive comparison between 

the effects of the modelling decisions in the formulation of concentrated plasticity models for non-linear 

dynamic analyses of ductile RC frames. 
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1.7. Symbols 

ὥ zero-one coefficient related to the cracking phenomena due to shear or flexure 

ὃ  gross area of concrete section 

ὃ area of tension reinforcement 

ὃ  area of transverse reinforcement 

ὦ strain-hardening ratio 

ὄ section width of the structural element 

ὄ section width of the pillars 

ὅὙ curvature degradation parameter 

ὅὙ curvature degradation parameter 

Ὠ section depth of tension reinforcement  

Ὠᴂ section depth of compression reinforcement  

Ὠ diameter of longitudinal reinforcement 

Ὠ  diameter of transverse reinforcement 

Ὁ modulus of elasticity of concrete  

Ὁ modulus of elasticity of steel 

Ὢ compressive strength of concrete 

Ὢ  compressive strength of confined concrete 

Ὢ  compressive strength of the concrete cover 

Ὢ  tensile strength of the concrete section 

Ὢ effective lateral confining stress on concrete 

Ὢ yielding stress of longitudinal reinforcement  

Ὢ  yielding stress of transverse reinforcement  

Ὢ ultimate tensile strength of reinforcement 

Ὃ permanent structural loads 

Ὃ non-permanent structural loads 

Ὤ overall depth of beam or column 

Ὤ section height of the confined core 

ὍȢ  effective area moment of inertia evaluated according to Eq.(1.10) 
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Ὅ  area moment of inertia of the cracked section 

Ὅ  effective area moment of inertia  

Ὅ gross area moment of inertia 

Ὅ effective area moment of inertia evaluated according to Eq.(1.9)Ὧ = 0.7 for mild steel, 0.9 for cold worked 

steel in [8] 

Ὧ  ρ πȢυὖȾὖ used in [8] 

Ὧ  πȢω
Ȣ

Ȣ
Ὢ ρρȢχ Ὢ Ὥὲ ὓὖὥ in [8] 

ὒ  plastic hinge length 

ὰ length of shear spread 

ὓ  bending moment acting on the section 

ὓ  bending moment at the first cracking 

ὓ  maximum base moment (in the most stressed column at the ground floor) 

ὓ  nominal flexural moment 

ὓ  yield flexural moment 

ὓ  magnitude 

ὔ axial load under gravity actions alone 

ὖ applied axial force in [18],[20],[21] 

ὖ πȢψυὪὃ ὃ Ὢὃ nominal axial load capacity as per ACI 318 [23] in [18],[20],[21] 

ὖὊὃ peak floor acceleration  

ὖὊὃ  maximum peak floor acceleration across the frame 

ὖὋὃ peak ground acceleration 

ή tension reinforcement index Ͻ  in [9] 

ὗ live loads 

ήᴂ compressive reinforcement index Ͻ  in [9] 

ή balanced tension reinforcement index Ͻ  in [9] 

Ὑ  epicentral distance 

Ὑ initial value of the curvature parameter 

ί spacing of the transverse reinforcement 
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ὛὊ scale factor 

t duration of the earthquake 

Ὕ period of the first vibration mode of the frames 

Ὕ period of the second vibration mode of the frames 

ὠ  maximum base shear (in the most stressed columns at the ground floor) 

ᾀ distance from critical section of maximum curvature and the element point of contraflexure   

‌ coefficient depending on the type of structural element (πȢρπψ for columns, πȢρσσ for beams, πȢρυς for 

rectangular walls) 

‌ confinement effectiveness factor 

‎  = 1.5 for primary seismic elements, = 1 for secondary seismic elements 

ῳ inter-story drift ratio 

ῳ  maximum inter-story drift ratio across the frame 

  ultimate top displacement of an RC cantilever column ‏

‐ floating point value defining concrete strain at maximum strength 

‐  strain at which Ὢ  is attained in accordance with the model of Eurocode 2 [46] 

‐  strain at which Ὢ  is attained in accordance with the model of Eurocode 8 [24] 

‐  floating point value defining concrete strain at crushing strength 

‐  steel strain at maximum tensile stress 

‐  ultimate elongation of steel 

‐ tensile strain of the concrete section 

‐ yield strain of the longitudinal reinforcement 

‒ level arm equal to Ὠ Ὠᴂ in rectangular sections 

— chord rotation at yielding 

—ȟ  yielding rotation due to slippage of longitudinal bars from the anchorage zone 

—ȟ  ultimate rotation due to slippage of longitudinal bars from the anchorage zone 

’ axial load ratio  

•  yield curvature 

•  ultimate curvature at failure 

” ratio of longitudinal reinforcement in compression 
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” ratio of diagonal reinforcement (if present) 

” total longitudinal reinforcement ratio 

” volumetric ratio of confining steel 

”  ratio of transverse steel parallel to the direction x of loading  

” ratio of longitudinal reinforcement in tension  

mechanical ratio of the tension longitudinal reinforcement ‫ 

‫ᴂ mechanical ratio of the compression longitudinal reinforcement 
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2. Characterization and numerical assessment of Lead 

Damper 

This Chapter includes a first paragraph presenting the evolution of energy dissipation devices, with a focus 

on devices of hysteretic type. Due to the increasingly large number of available devices, the work does not 

attempt to present a state-of-the art on the subject, but to focus on discussing the main original research 

efforts as well as the most relevant drawbacks.  

Then, the study presents an experimental assessment of an emerging energy dissipation device, namely Lead 

Damper (LED), which provides a resistive force by the friction created between a lead core and a shaft. Tests 

are performed according to the European standard EN 15129. The damper shows a rigid-plastic behavior 

without strength degradation regardless of the imposed deflection; the shape of the hysteresis loops is 

essentially rectangular, resulting in an effective damping of 0.55; the device is able to sustain multiple cycles 

of motion at the basic design earthquake displacement, providing maintenance-free operation even in 

presence of repeated ground shakes. 

The Chapter includes also an investigation about the modelling alternatives to describe the constitutive law 

of the LED in OpenSees. 

2.1. State of art of energy dissipation devices 

 General introduction: principles of energy dissipation 

In accordance with the Principle of Energy Conservation, a structure hit by an earthquake is defined by the 

relationship 

 ὉὍ ὉὛ ὉὈ (2.1) 

where Ὁ represents the input energy from the ground shaking, Ὁ and Ὁ  are the energies respectively stored 

and dissipated by the structure.  

In order to protect a structure from the damaging effects of an earthquake, it is necessary to modify one of 

these terms.  

A possibility may be the reduction of the input energy by isolating the structure, which consists of dividing 

the movement of the structure itself from the movement of the ground (Figure 2-1 ï right). In this way, also 

the right-hand side of the equation is reduced for equilibrium, and integrity of the structure is preserved. 

Base isolation has proved as a viable approach to protect bridges, buildings and industrial plants from 

earthquakes [1] but in general it is not suitable for structures resting on soft soils [2]-[5] and for high-rise 

buildings [6]-[8]. The use of base isolation systems is widely adopted in new structures built in high 

seismicity regions to reduce the geometry and reinforcement of the structural members [9], [10] and also in 

such buildings where the critical parameter is the protection of the contents or the operation of the structure 
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during the seismic event and in the aftermath of an earthquake, such as hospitals or other structures of 

strategic importance [11]-[13]. However, the high initial costs of installation of this retrofit solution could 

limit the widespread of this technique in the seismic retrofit of existing buildings [14]. 

 

Figure 2-1: Left: comparison between a simple 2 floors building and the same building retrofitted with energy dissipation devices; 

right: comparison between the 2 floors building and the same building retrofitted with base isolation devices 

Another option consists in increasing the dissipated energy, by inserting a special device system inside the 

structure (Figure 2-1 ï left); this approach is aimed at achieving two effects, namely increase the structural 

stiffness, with consequent reduction of displacements, and dissipate much of the seismic energy, leading to 

a reduction of the accelerations [15] (Figure 2-2). 

 

Figure 2-2: Comparison between a simple frame and a frame equipped with energy dissipation devices 

Supplementary energy dissipation is employed both in new and retrofitted constructions in order to prevent 

structural damage, increase life-safety and achieve a desired level of performance [16], [17] appearing an 

appropriate and economically affordable solution to reduce the vulnerability of ordinary structures, such as 

residential, school and industrial buildings [18]-[21].  

The hardware used to implement such strategies must fulfill strict performance requirements and its 

assessment is regulated by standards, like e.g., the European standard EN 15129 [22] which forms the basis 

for CE Marking of anti-seismic devices, compulsory within the European market. 
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 Energy dissipation hardware: critical review of past studies 

The concept of using separate elements to increase the damping in a structure was first postulated in the late 

sixties in Japan [23] and specific research on passive energy dissipation systems started less than 50 years 

ago in New Zealand [23], [24]. Its philosophy consists in eliminating or limiting damage to the structure by 

concentrating the dissipation of much of the seismic energy in elements out of the gravity framing system. 

Nowadays supplementary energy dissipation or damping systems are worldwide employed both in new and 

retrofitted constructions in order to prevent structural damage, increase life-safety and achieve a desired level 

of performance [16], [17]. 

Current energy dissipation devices can be classified in two main categories [25]. The first one includes the 

so-called fluid viscous dampers, where the dissipation is achieved through the lamination of a viscous fluid 

forced by a piston to pass through an orificing or valving system. The behavior of these devices strictly 

depends on the fluid velocity. Viscous fluid dampers are very versatile and can be designed to allow 

unconstrained slow motions (like e.g., thermal motions) as well as provide controlled damping of a structure 

to protect from wind load or earthquakes. The second category is represented by hysteretic dampers, which 

are further classified in hysteretic steel dampers, friction dampers and metal extrusion dampers, depending 

on the mechanism actually used to dissipate the seismic energy. The output force of these devices is 

essentially dependent on the deflection and independent (or only slightly dependent on velocity), and they 

are named as Displacement Dependent Devices (DDD). Most of the dampers used in residential, school and 

industrial buildings belong to the hysteretic damperôs category ([17], [19], [21], [26] and [27]). The 

theoretical force-displacement curves of hysteretic dampers are shown in Figure 2-3, where ND is the axial 

force and ȹD is the axial displacement of the damper, and Ny is the yield strength of the device; the area 

included in the curves corresponds to the energy dissipated by the device during a cycle. 

 

Figure 2-3: Typical constitutive law of hysteretic dampers: left, friction dampers; right, metal dampers [22] 

The metallic dampers dissipate energy through the yielding of a metal, the friction dampers instead through 

the friction between two solid bodies sliding relative to one another, while the metal extrusion dampers 

through the extrusion of a metallic material. 

A pioneering work on friction devices was developed in Canada in the early 1980s by Pall et al. [28], [29]. 

The pioneering idea of Pall consisted in protecting the main members of a structure introducing an anti-

seismic system made of materials (for example steel) easily reachable and assembled in a simple geometry 

(Figure 2-4). Experimental results showed that the hysteretic behavior of the slipping friction joint was 
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reliable and repeatable; for this reason, Pall carried out further research and introduced his friction device in 

the intersection of steel bracing, solving the drawbacks related to the performance of steel bracings. In fact, 

the braced frames are stiffer in order to control the lateral deflections due to wind and moderate earthquakes, 

but this stiffness attracts higher lateral inertial forces, and the energy dissipation capacity of the brace is very 

limited. Moreover, a brace in tension stretches during severe shock and buckles in compression during 

reversal of load. The introduction of a friction device in the intersection of the two braces guarantees that 

during a severe earthquake, the friction device slips, dissipating the seismic energy and preventing the 

buckling in compression of the bracing systems. The Pall friction bracing system has immediately found 

several applications for both steel and concrete buildings in new construction and retrofit of existing 

buildings [30]-[32], examples are the Concordia University Library in Montreal and the Canadian Space 

Agency Headquarters in Longueuil, Quebec. 

 

Figure 2-4: a) first friction devices introduced by Pall in 1980 [28]; b) first dissipative friction bracing system presented by Pall in 

1981 [29] 

Few years later, Anagnostides et al. ([33]-[35]) introduced a modification in the Pall dissipative bracing 

system, making a simpler design and adopting rotational friction as opposed to translational friction used by 

Pall. Anagnostides et al. had the merit to design a device able to guarantee a more consistent hysteretic 

friction behavior and easier to construct, which made the device cheaper. 

The search for a simple and cost-effective device was followed by Grigorian et al. [36] who developed an 

improved and simpler type of friction device referred to as slotted bolted connection (SBC), which consists 

of a bolted connection where the elongated holes in the main connecting plate are parallel to the line of 

loading (Figure 2-5). 

 

Figure 2-5: SBC, Slotted Bolted Connection [36] 
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This latter device pinpoints the significance of adapting and exploring the use of simpler materials and 

manufacture techniques for the fabrication of energy dissipation device, with the goal of producing dampers 

more attractive in seismic design and retrofit applications.  

However, no one of these techniques has overcome the use of the brace systems, which are structurally 

invasive and give rise to undesired ñside effectsò such as significant amount of construction work, resulting 

in significant disturbance to the occupants, large increments in buildings weight and base shear and critical 

alterations to building layout [37]. For this reason, these devices have been used mainly in new constructions, 

where their introduction was already planned during the design stage, and rarely for the retrofit especially of 

the residential buildings, because of their excessive dimensions that ruin the aesthetic and architecture of the 

buildings [37].  

In 1995, Martinez [38] highlighted the necessity of new upgrading schemes which reduce as much as 

possible the problems created by the structural intervention needed for retrofitting. He introduced a simple 

and small friction device to incorporate in the structure as a beam-column link or as a link between the base 

column and the ground (Figure 2-6).  

 

Figure 2-6: Introduction of the innovative friction dampers in the soft story building as a beam-column link and base column-

ground link [39]  
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This system was inspired by the device proposed earlier by Filiatrault [40] to incorporate in the corners of 

timber-sheathed wall structures. This technique showed great improvement in the hysteretic behavior of 

timber wall structures, without interfering with architectural or construction requirements (Figure 2-7).  

 

Figure 2-7: Friction device for wooden panels [40] 

Martinez had the merit to extend this concept to all kind of frame structure (reinforced concrete and steel 

structures). He also proposed an innovative bracing system, adopting a geometry that partially solve the loss 

of space associated with the installation of traditional braces and favors the activation of rotational hysteretic 

devices at discrete locations of the braces (Figure 2-8). 

 

Figure 2-8: Alternative dissipative bracing systems [37] 

Recently in 2010, Martinelli and Mulas [41] presented an exhaustive study of the application of this passive 

control technique as beam-column link and base column-ground link to reinforced concrete precast industrial 

buildings, followed later, in 2017, by Belleri et al.(Figure 2-9) [42]. However, these studies have not found 

practical application and are intended exclusively for precast industrial structures, which are just a portion 

of the Italian building stock, without considering a possible application also to the residential or school 

structures. 
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Figure 2-9: Dissipative and re-centering device [42] 

Even if these more recent friction devices are low invasive anti-seismic solutions, they do not solve the 

problems already highlighted in their ancestor Pall friction device. Specifically, every device dissipates 

energy after its activation, but in case of friction devices, the activation starts when the dynamic force 

becomes greater than the static force acting in the contact area between the two bodies. In other words, the 

friction devices are designed not to move if the structure is invested by a windstorm or by weak vibrations 

from the ground and to dissipate a great amount of energy during strong earthquakes [37]. If a relatively 

weak earthquake occurs and the static force is greater than the seismic one, the dissipative system does not 

work, and this has detrimental consequences to the structure, especially to acceleration-sensitive non-

structural components [20], [43]. In fact, after the insertion of the anti-seismic systems, the structure is stiffer 

than the original one, so it is invested by higher lateral forces, possibly causing damages to the main structural 

elements. Moreover, even in the case of activation, the dissipation is due to the slippage or the rotation of 

two bodies, causing wear phenomena. The wear may change the characteristics of friction of the sliding 

interface, modifying also the constitutive law of the device. After a strong shock, the device is compromised 

and needs repair or replacement, which are invasive actions especially in the cases of dissipative devices 

inserted in a bracing system. In addition, the metal surfaces are influenced by corrosion and contaminants 

that cause an increase in surface roughness; as a consequence, the static force increases and may cause a late 

activation of the devices under a strong earthquake. Finally, another non negligible problem is the relaxation 

of the bolt load that provides the adequate pressure contact among the two sliding bodies. Kulak et al. [44] 

intensively studied the behavior of preload bolts, showing an exponential decrease in time of the rate of 

change in bolt load.  

The portfolios of the main European productors (such as FIP, Maurer, Mageba) include hysteretic dampers 

based on yielding of mild steel cores, while friction dampers are disregarded. Steel dampers are indeed the 

most popular system adopted for retrofitting residential, school and industrial buildings all around the world 

[18]-[21], and especially in Italy.  

The development of hysteretic yielding devices started in New Zealand in the early 1970s to introduce 

additional damping to the base isolation systems (an example is in Figure 2-10). 
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Figure 2-10: Bent mild steel bars as energy dissipation device in base isolation [2] 

In Japan, Wakabayashi et al. [45], [46] conducted the first pioneering researches on the BRB, Buckling 

Restrained Brace, consisting of a steel core encased in a steel tube filled with concrete (Figure 2-11).  

 

Figure 2-11: Buckling Restrained Brace - BRB 

The valuable improvement of BRB over conventional braces is in their ability to carry load, yield and thus 

dissipate a great amount of energy when loaded in both tension and compression (Figure 2-12), whereas 

conventional braces achieve their full displacement capacity accompanied by yielding when they are loaded 

in tension, but buckle without dissipating substantial amount of energy when loaded in compression. 
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Figure 2-12: Behavior of Conventional Brace versus Buckling-Restrained Brace under tension/compression loads 

The stable energy dissipation capacity of BRBs makes them very attractive for seismic protection 

applications; Figure 2-13 shows some examples of commercial BRBs currently available and implemented. 

 

Figure 2-13: Commercial BRBs [47]-[49] 

The advantage of BRBs over friction dampers is in their independence on the environmental factors and 

ageing components; in fact, the steel core is protected and does not need specific treatments or periodical 

maintenance. Moreover, differently from the friction dampers, BRBs guarantee a good energy dissipation 

capacity even for moderate seismic events.  

Unfortunately, they are characterized by invasive structural dimensions and even if several solutions with 

reduced geometry have been studied [50] and commercially implemented (Figure 2-13), no one has 

eliminated the necessity of insertion in a bracing system, so also BRBs dramatically alter the architecture of 

a structure, Figure 2-14.  

In addition, because of low-cycle fatigue and residual stresses of steel dampers, or large permanent 

deformations of friction and extrusion dampers, after severe earthquake, both hysteretic dampers need to be 

replaced or restated, with consequent costs (due also to the eventual interruption of the building function, 

painful for industrial and school buildings) but also with a potential threat to the safety of the structure, which 

is left exposed to aftershocks which may occur in the aftermath of the main event.  
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a)               b)  

Figure 2-14: Examples of retrofit of school buildings with BRBs: a) Giacomo Leopardi school, Ancona; b) Liceo Capialbi, Vibo 

Valencia 

It is worth mentioning that neither friction dampers nor yielding dampers have re-centering capacity: they 

do not guarantee that the structure will return to its original configuration after a shocking event and 

excessive residual deformations can even result in the total loss of a structure.  

Nowadays, the current design approaches aim to resilient communities, where not only the life safety is 

guaranteed but also the buildings survive with no disturbance to business operation; it is clear that both 

friction and steel dampers (such as BRBs) do not satisfy this requirement.  

The Shape Memory Alloys (SMA) are characterized by a flag-shaped hysteresis curve (Figure 2-15). The 

amount of energy dissipation is reduced compared to that of the other hysteretic systems, but the system 

returns to the zero-force, zero-displacement point at every cycle, and more importantly, at the end of the 

seismic loading. 

 

Figure 2-15: Re-centering devices, [22] 

The SMA are particularly sensitive to the temperature and frequency variations (Figure 2-16), for this reason, 

they need to be used in a controlled environment.  
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Figure 2-16: Effect of temperature and loading rate on superelastic behavior of SMA [51] 

Currently, among the European manufacturers, only FIP has a SMA device in its portfolio, which was 

employed, to the knowledge of the Writer, only in Basilica di San Francesco in Assisi after the 1997 

earthquake (Figure 2-17); the low spread of SMA-based dampers is caused by the high cost of the raw 

material, which justifies its use only for applications to high value buildings, such as the retrofit heritage 

buildings. Few studies ([52], [53]) have been recently developed about the use of SMA as anti-seismic 

system in civil structures, but they include the SMA within a bracing system, facing the problems already 

presented.  

 

Figure 2-17: Retrofit of Basilica di San Francesco di Assisi with SMA devices 

It is important to mention another issue that concerns the current hysteretic dampers: the design of dissipative 

bracing systems is performed respecting the ñstructural safety requirementò at the Ultimate Limit State only 

[17], [54]-[57]; indeed, the devices are designed not to be engaged under normal service loads and weak 

seismic excitations [37], since the dynamic force does not reach the yield force Ny (Figure 2-3), associated 

to e.g., yielding of a steel core or static friction between sliding surfaces. Consequently, under small 

earthquakes, a structure equipped with dissipative braces is subjected to greater accelerations than the bare 

configuration [20]. Moreover, tests carried out at the University of Basilicata (Italy)[58] have shown that the 

significant reduction of the frame lateral deformation, brought by the introduction of the hysteretic braces, 

is counteracted by a huge increase of Peak Floor Accelerations [20]. Similar results were obtained also from 

the numerical analyses performed by Gandelli et al. [43] on a hospital building equipped with dissipative 

bracing systems. This phenomenon has detrimental consequences especially to acceleration-sensitive non-
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structural components [20], [43]. In recent years, some researchers suggested using new kind of systems to 

control multi-levels of earthquake energy [21], to achieve stable deformation, increase structural ductility, 

and increase energy dissipation capacity with different stiffnesses [59], [60]. For example, Balendra et al. 

[61] suggested a two-level damper to control both severe earthquakes and wind and moderate earthquakes, 

Gandelli et al. [20] proposed an Adaptive Hysteretic Damper (AHD), capable to modulate its effective 

damping and stiffness based on the intensity level of the ongoing earthquake, while Palermo et al. [62] 

presented a Crescent Shaped Brace (CSB), which is characterized by a geometrical configuration defined in 

order to provide the structure with prescribed multiple seismic performances, within the performance based 

seismic design framework. 

In conclusion, a more robust form of energy dissipation is needed that satisfies several objectives [63]: (i) 

more compact and architecturally less invasive design in order to be ideally located within the beam-column 

joint region; (ii) should not require maintenance after a major earthquake, in order to guarantee a high safety 

level and maintain an economical appeal, especially for the retrofitting of conventional buildings; (iii) should 

not be at risk of low-cycle fatigue bar fracture; (iv) should ensure the re-centering of the structure; residual 

forces in the energy dissipator should either re-center or creep back towards zero over time; and (iv) the cost 

of devices should be economical compared with conventional design solutions. 

A hysteretic dissipation system that deserves a deeper analysis is the lead extrusion device ([64]-[66]), whose 

basic mechanism is depicted in Figure 2-18. A lead volume is confined into a tube where an orifice is created 

by an annular restriction, which is provided either from a constriction of the tube (a), or a bulged shaft (b). 

As the shaft is displaced, the lead is forced to flow through the annular restriction. This plastic flow adsorbs 

a large amount of energy, due to the shearing and plastic deformation of the material [67], providing high 

resistive forces. A part of the energy required to produce the plastic deformation of lead is immediately 

dissipated as heat, while some of the energy is stored in the deformed lead which quickly recrystallizes and 

regains its original properties [68], [69], resulting in consistent force across multiple cycles of response 

without any strain hardening or loss of strength or stiffness [65].  

 

Figure 2-18: Longitudinal sections of lead extrusion damper: (a) constricted tube type; (b) bulged shaft type. Adapted from [70] 

Lead extrusion dampers have been reported to present an essentially rectangular hysteretic curve, which 

maximizes the amount of energy dissipation for a given applied force and displacement [71], Figure 2-19. 
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Figure 2-19: Hysteresis loop of lead extrusion damper [71] 
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2.2. Lead extrusion dampers 

Lead extrusion dampers were first introduced as a passive energy dissipation device in the mid ó70s in New 

Zealand [65]. These devices were volumetrically very large (Figure 2-20) and consequently, relatively 

expensive to produce; for this reason, their use was mainly limited as part of base isolation systems.  

 

Figure 2-20: Lead extrusion devices with 100kN and 700kN force capacity [70] 

After Robinson and Greenbank, the researcher that mostly worked on this topic was Rodgers, starting from 

2006 [71]. Rodgers and his research group picked the bulged-shaft design because of its simplicity of 

manufacture and consequent low-cost and proposed a damper able to fit into confined spaces (Figure 2-21) 

within and around structural connections [72]. This device was called HF2V, lead-extrusion-based high 

force-to-volume device. 

 

Figure 2-21: Damper photograph with 355ml soft drink for scale [72] 

To forces of 100-350 kN corresponded compact dimensions, considerably smaller than other devices of 

similar capacities (Figure 2-21 and Figure 2-22), that made possible its inclusion within the beam-column 

joints of both steel and concrete structures [72]-[81]. This solution was proposed as a valid alternative to 

other retrofitting strategies used at that time, for example the mild steel rods proposed for the first time by 

Stanton et al. [82]. Rodgers studied both analytically and experimentally the application of this device within 



2 Characterization and numerical assessment of Lead Damper  

65 

the structural connection of precast structures ([63], [73], [83] and [84]) and steel structures ([72], [85] and 

[86]), showing that it could provide a level of energy dissipation comparable to, or in excess of, mild steel 

devices designed for the same yield force, without encountering any fatigue problem experienced by the 

alternative solutions. Moreover, because of low-cycle fatigue and residual stresses, mild steel energy 

dissipation systems needed replacement after an earthquake, while the lead damper did not need any 

maintenance and thanks to its ability of creeping out over time, ensured self-centering of any structure.  

 

Figure 2-22: Schematic representation of lead extrusion damper placement into (a) reinforced beam-column connection and (b) 

steel beam-column connection [87] 

Referring to the case of steel structures, Figure 2-23 shows the improvements in terms of energy dissipation 

between a standard purely bolted connection and the same connection equipped with the lead extrusion 

damper; even better performance can be achieved where the connection is equipped with the damper and 

made stiffer by welding the angles to the beam and column.  

 

Figure 2-23: Effect of different types of connections on the hysteresis response of the beam-column joint connection with HF2V 

device [75] 

Similar conclusions were obtained from the studies on precast concrete systems ([63], [73], [83] and [84]). 

Compact devices capable of being fitted directly into a structural connection were mounted across a beam-

column joint (Figure 2-24); the tests showed that the dampers were able to provide consistent force on every 



2 Characterization and numerical assessment of Lead Damper  

66 

(repeated) cycle and far greater energy dissipation than the bare connection: Figure 2-25 shows that the joint 

hysteresis loops are substantially larger when the dampers are present. 

 

Figure 2-24: Left: lead extrusion damper externally mounted to the seismic beam; right: photograph of test specimen [73] 

 

Figure 2-25: Comparison of joint hysteresis with and without dampers for corner joint set-up with increased damping for loading 

at 1, 2, 3 and 4% drift [63] 

Two issues were reported to affect the performance of the lead extrusion damper [74]. The first is the heat 

build-up promoted by energy dissipation, which induces softening of the working material and reduces its 

strength; thus, the reaction force and the energy absorption decrease as the cycles proceed and the damper 

warms up. However, the effect is temporary, because when the device is allowed to cool down, the original 

value of resistive force is recovered. A second issue is the formation of voids within the working material 

during extrusion, which is attributed to compression of the lead: as the shaft moves, the material is 

compressed into a smaller volume leading to the formation of a trailing void. As the bulge passes through 

this void, the damper experiences less resistance and dissipates less energy. Lead extrusion dampers used in 

the first structural applications were therefore quite large, in order to provide sufficient reaction force. 

In 2007, Rodgers et al. [74] performed a parametric study considering different sizes of bulges on a device 

with a 66 mm internal cylinder diameter, in order to determine the best combination of bulge and cylinder 

diameters. Moreover, a 400 kN force was applied to some devices after the solidification of the as-cast lead 

within the cylinder, in order to put a residual compressive stress on the material and examine the effect of 
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prestressing on the lead and the corresponding effect on the peak force achieved. The results showed the 

prestress made the hysteresis loop more optimally ñsquareò and the resistive forces higher, leading to a 

general increase of the energy dissipated (Figure 2-26).  

 

Figure 2-26: Hysteresis loops for 40 mm diameter bulge device: left, without prestressing of the lead; right, with 400kN 

compression force applied to the device [74] 

Regarding the degradation of the hysteresis caused by the heating of the working material, cyclic 

experiments showed that any notable effects would be produced for the 3-4 large cycles that are likely to 

occur during an earthquake [74]; moreover, these effects are temporary, since the strength capacity would 

be restored once the device cools down [88].  

 Design modelling of lead extrusion dampers 

A controversial aspect is associated to the equation used to describe the constitutive law of the lead extrusion 

damper. The device has always showed a weak velocity dependence [89], that has been confirmed also in 

more recent studies ([88], [90]) and a strong dependence on displacement. However, the equation usually 

presented to characterize the constitutive behavior of this device is the classical force-velocity relationship 

defined for fluid viscous devices: 

 Ὂ ὅ  

 

(2.2) 

where  

Ὂ is the extrusion damper force; 

 is the velocity of the shaft; 

‌ is the velocity coefficient which is a constant value; 

ὅ  is the damper constant determined by physical prototype testing.  

Golodrino et al. [90] tested different devices with straight, bulged and constricted shaft configurations 

subjected to velocities of 0.15-5.0 mm/s and concluded that the velocity dependence was relevant for 

velocityôs range of 0.15-1.0 mm/s; after 1.0 mm/s the behavior was almost insensitive to the variation of the 
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velocity (Figure 2-27). For this reason, an exponential bilinear model was suggested, characterized by a 

velocity exponent of 0.12 for velocities less than 1.0 mm/s and between 0.065 - 0.07 mm/s for velocities in 

the range 1.0-5.0 mm/s, depending on the shape of the shaft (straight, bulged or constricted).  

 

Figure 2-27: Lead extrusion device with 12 mm bulged shaft [90] 

Another difficult point is the definition of a design model capable to characterize the damper. The first 

attempt came from Pearsons et al. [91] who gave a relationship between the force and associated cylinder 

and orifice areas during an extrusion process: 

 
Ὂ ὣὰὲ

ὃ

ὥ
ὣÅØÐά ὣ ὃ ὥ 

(2.3) 

where 

Ὂ is the extrusion force; 

ὣ is the yield strength for the working material; 

ὃ is the annular area around the shaft (Figure 2-28) 

ὥ is the annular area of orifice (Figure 2-28) 

ὃ ὥ represents the projected face area of the bulge over which direct stress is applied to the shaft; 

ά is a constant specific to the extrusion process, equal to , where ‘ is the coefficient of friction between 

the working material and the steel shaft, ὒ is the length of the shaft in sliding contact with the working 

material and device end caps and Ὀ is the effective diameter corresponding to annular lead area ὃ. 

 

Figure 2-28: Schematic representation of the first device, showing the annular area of orifice and the annular area around shaft [74] 
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This model was valid for a classic extrusion process and the model parameters did not translate directly to 

the parameters of the lead extrusion dampers. Rodgers started from the Pearsonôs equation and studied an 

experimental relationship independent of the device scale, finding a relatively strong linear relationship for 

all experimental results (Figure 2-29). 

 

Figure 2-29: Normalized Force vs Area Ratio for all devices [74] 

As an alternative to the extrusion theory, he also proposed a more straightforward stress-based model, 

implementing the Mohr-Coulomb failure criteria for a quasi-brittle material: 

 ὈὈ †ὈὃίὬὥὪὸ„πὃὦόὰὫὩ (2.4) 

where 

Ὀ  is the resistive force of the device; 

† is the shear stress due to the load between the shaft and the lead; 

„ is the direct stress imposed on the bulge face area; 

ὃ  is the surface area of the shaft; 

ὃ  is the annular area of the bulge. 

Later, Vishnupriya et al. [92], deeply studied design models based on the sum of friction and extrusion forces 

modelled as a function of device dimensions (area ratio AR, surface area SA and bulge area AB), analyzing 

14 linear and linear-quadratic models using regression analysis on data from 18 experimental devices with 

and without bulges on the central shaft (Table 2-1).  
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Note: ὃὙ area ratio; Ὓὃ surface area; ὃὄ bulge area; Ὀ  cylinder diameter; Ὀ  bulge diameter; ὒ  cylinder length; ‌, ‌, ‌, 

‌ weighting coefficients identified by fitting the models to experimental device data 

Table 2-1: Potential model investigated [92] 

He identified two very good models, from which one (Ὂ ‌ὃὙ Ὀ ‌Ὓὃ ‌ὃὄ) was slightly better, 

since it produced the highest Ὑ πȢωρ.  
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 Applications of lead extrusion dampers in real structures 

To the Writerôs knowledge, there is just one published application of the Rodgersôs HF2V technology in the 

Kilmore Street Medical Center (now named Forte óHealth) in New Zealand. It is predominantly a steel 

structure where the suspended composite floors slabs are supported by eight sets of coupled steel 

posttensioned braced frames around the perimeter to provide lateral load resistance (Figure 2-30). 

 

Figure 2-30: Plan view of Kilmore Street Medical Center showing 8 pairs of rocking frames [88] 

 

Figure 2-31: Left: pair of steel braced frames assembled in the workshop with dampers; right: pair of steel braced frames erected 

on-site [93] 

The HF2V devices are included within an ñAdvanced-Flag Shapeò system, which is a hybrid system (Figure 

2-32) that allow controlled rocking of the structure in order to reduce damage to the primary structural 

elements themselves. The energy dissipation occurs at the rocking interface thanks to the HF2V dampers, 

while un-bonded post-tensioned tendons or bars provide a restoring and self-centering force; the braced 

frames and post-tensioned bars are designed to remain elastic [93]. 
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Figure 2-32: Idealized analysis model of coupled frame system [93] 

The use or rocking systems equipped with HF2V damping devices was investigated also by Wrzesniak et al. 

[94], who were the first studying the applicability of these dampers in rocking timber structures, indicating 

that the devices represent a structurally feasible and cost-effective solution also for rocking timber structures. 

Other authors studied the application of the lead extrusion device within both steel and RC structures. 

Mander et al. [86], for example, studied the application of an HF2V device within the beam-column joints 

of new steel structures. Two locations for mounting the dampers were investigated: one damper below the 

bottom flange and two concealed dampers mounted above the bottom beam flange. The research showed 

that in both cases no damage was experienced by the main structural beam and column elements, since the 

dissipation was concentrated on the devices, which achieved a far greater dissipative efficiency compared to 

conventional steel frame connections. 

 

Figure 2-33: Two possible configurations of steel beam-column joint equipped with HF2V [86] 

The interest to include lead extrusion dampers within new steel structures in order to achieve damage-free 

connections and reduced repairs was addressed also by Bacht et al. [95] and Desombre et al.[85]. Both works 

analyzed steel moment resisting frames designed within the SAC Steel Project, with the goal to present a 
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new design approach to minimize damage to steel moment frame buildings in future earthquakes. The SAC 

Project was primarily concerned with the impact of connection fractures of steel moment resisting frames in 

nine buildings, with three, nine and twenty stories designed for Los Angeles, Seattle and Boston locations 

[95].  

In Bacht et al. [95], the three-story steel frame extracted from the building designed for Los Angeles (also 

called SAC-3 or LA-3) was analyzed by means of different models representing the structure as designed 

and the structure equipped with HF2V devices within the beam-column connections. The results confirmed 

the conclusions of the previous works of Rodgers et al. ([63], [72], [77], [79] and [80]) and Mander et al. 

[86]: the combination of HF2V dissipators with gravity frames and well-designed non-structural elements 

creates a system superior to conventional construction methods, able to experience almost no structural 

damage and low residual displacements after a seismic event. The work of Desombre et al. [85] aimed to 

model the behavior of HF2V devices included in steel connections, using a simple finite element (FE) model 

in ABAQUS [96]. The research produced two models: one simpler model that allows computationally 

efficient non-linear analysis of large structures with many degrees of freedom, and a more complex and 

physically accurate axial model, which allows detailed analysis of joint connection architecture.  

The improvement in the seismic response of existing structures with lead extrusion dampers was investigated 

by Soydan and co-workers ([97]-[100]). Their research demonstrated that the retrofitting of existing steel 

and precast RC structures through the inclusion of the system within beam-column connections resulted in 

a significant increase of the lateral stiffness of the construction, a substantial reduction of the displacement 

and a notable increase of the dissipated energy. Moreover, thanks to the small dimensions of the damper, the 

inclusion at the beam-column connections allowed to overcome the architectural issues posed by the braces, 

like interference with the design of the façade and position of the openings [37].  

Other studies considered the application of the lead extrusion dampers as a connection between two parallel 

structures [101] or a retrofitting strategy for large-span reticulated shell [102], exploring the viability of the 

damper to control the structural responses to a seismic shock of different structures from conventional precast 

RC and steel frames and with a method of installation different from the inclusion within a steel brace and a 

beam-column joint, already studied by other authors (e.g. [72], [85] and [95]). 

The interest to the lead extrusion device brought other research groups to develop this technology and 

implement a new kind of energy dissipation devices, whose mechanism was based on the lead extrusion. 

Examples are the dampers presented by Zhang et al. [103] and by Yan et al. [104]. Zhang et al. [103] 

introduced the CLEMR damper, a new kind of combined lead extrusion magnetorheological damper, that 

was applied on a RC frame structure subjected to time-history analysis, showing significant beneficial 

effects. Yan et al. [104] introduced a new lead extrusion and friction composite damper (LEFCD), which is 

an assembly of components that are changeable and can provide specific performances (Figure 2-34): in 

particular, for strong earthquakes the LEFCD uses both the lead extrusion and friction dampers 

simultaneously. 
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Figure 2-34: 3D view of the LEFCD [104] 
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2.3. Experimental investigation  

 Description of the LED prototype 

A prototype of the prestressed Lead Damper has been experimentally investigated in the study. The prototype 

has four main components, namely the shaft, the tube, the cap and the working material (Figure 2-35).  

 

Figure 2-35: Cross-section of the LED prototype 

Tube, shaft and cap are made of structural steel, while the working material is 99.99% pure lead. The shaft 

is plated with hard chromium (70 µm thickness) in order to minimize friction and wear during sliding through 

the bushing provided in the cap. The cap is fixed to the tube wall by means of eight screws.  

The prototype features a shaft diameter Ὀ σςȢυ άά, an inner diameter of the tube Ὀ φπ άά, and a 

length of shaft in contact with the working material ὒ ψπ άά. The design deflection is Ὠ ρπ άά in 

either direction (i.e., ςπ άά total stroke). The prototype was designed for a nominal force of ςςπ Ὧὔ. In 

order to avoid off-axis loads, self-lubricating spherical hinges with a minimum rotation capacity of ±2° are 

provided at both ends of the damper, namely at one end of the shaft and on the bottom of the tube. 

During the assembling process, the working material was prestressed by tightening the screws connecting 

the cap to the tube wall to a torque of ςρς ὔά. The assembling process is sketched in Figure 2-36. 
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Figure 2-36: Prestressing of the working material 

Three thermocouples were inserted into zυ άά blind holes drilled in the lateral wall of the containing tube, 

about 5 mm away from the chamber filled with the working material, in order to measure the temperature 

rise during the extrusion process.  

 Experimental protocol 

The experiments were performed at the Materials Testing Laboratory of Politecnico di Milano, using a 

υππ Ὧὔ servohydraulic testing machine (MTS Systems, Eden Prairie, MN), Figure 2-37. 

 

Figure 2-37: Prototype installed on the testing machine 

The specimen was subjected to the type testing protocol prescribed in the European standard EN 15129 [22] 

for assessment of Displacement Dependent Devices. The hysteretic force-deflection response was evaluated 

by imposing harmonic cycles of increasing amplitude at 25%, 50% and 100% of the design deflection Ὠ

ρπ άά, at a loading frequency of πȢυ Ὄᾀ. Five cycles for each intermediate amplitude and ten cycles for the 

maximum amplitude were applied. Eventually, a ramp test at 0.1 mm/s rate was performed to the amplified 

design displacement ‎‎Ὠ ρσȢς άά (where ‎ ρȢρ and ‎ ρȢς are the amplification factor and 

the reliability factor given in the standard, respectively), to assess the failure condition under quasi-static 

condition. 
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Test Amplitude 

[mm] 

Frequency 

[Hz] 

 n° of cycles 

[-] 

cyclic 

πȢςυὨ  πȢυ  υ 

πȢυπὨ  πȢυ  υ 

ρȢππὨ  πȢυ  ρπ 

ramp ρȢσςὨ  πȢρ ÍÍȾÓ  ρ 

Table 2-2: Testing protocol according to [22] 

In order to investigate the dependence upon the velocity, three additional tests were performed at the design 

deflection Ὠ ρπ άά with different frequencies, Table 2-3. 

Test Amplitude 

[mm] 

Frequency 

[Hz] 

 n° of cycles 

[-] 

rate 

ρȢππὨ  πȢςυ  υ 

ρȢππὨ  πȢυ  υ 

ρȢππὨ  πȢχυ  υ 

Table 2-3: Testing protocol to investigate the dependence upon the velocity 

Finally, the dedicated test prescribed by the Italian Building Code [105] for Displacement Dependent 

Devices and consisting in the application of 5 cycles at πȢυ Ὄᾀ to the Collapse Limit State displacement 

Ὠ ‎Ὠ  was performed.  
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2.4. Results 

The forceïdisplacement behavior of the tested prototype observed in a preliminary cycle to check the axial 

displacement capacity is shown in Figure 2-38. The prototype shows an initial elastic deformation, followed 

by a plastic behavior (i.e., constant force independent of the accommodated displacement) after the 

breakaway friction resistance of the working material has been overcome and sliding of the shaft has been 

engaged. It is also worth noting that due to the high elastic stiffness of the steel shaft the hysteresis loop has 

an almost perfectly rectangular shape, and the reaction provided from the damper either in extension (N > 0, 

shaft mowing outwards) or in compression (N < 0, shaft moving inwards) resembles the design force. The 

behavior of the device is essentially symmetric in tension and compression. The small changes in the output 

force close to motion reversals suggest that the friction between the shaft and the working material has a 

shallow dependence on the velocity, though this dependency does not affect too much the overall response. 

The idle displacement observed after the motion reversal and highlighted in the figure by red arrows is due 

to the clearance of the spherical hinges. 

 

Figure 2-38: Hysteresis loop of the LED prototype 

Figure 2-39 shows the hysteresis loops of the cyclic test according to EN 15129 [22], Table 2-2; the results 

of the additional tests of Table 2-3 are reported in Figure 2-40, while the test prescribed by the Italian 

Building Code [105] is presented in Figure 2-41.  

A decrease in the output force occurs in the tests at πȢυὨ  and ρȢπὨ  when the damper switches from 

compression (N < 0, shaft moving inwards) to extension (N > 0, shaft mowing outwards). This behavior is 

possibly due to the leakage of the working material during the outwards movement of the shaft due to an 

excessive clearance between shaft and bore. Another possible reason is the progressive loosening of the 

screws caused by the movement of the shaft. Therefore, the asymmetric behavior observed in the cyclic test 

and absent in the preliminary loop shown in Figure 2-38 is ascribed to manufacturing faults of the tested 

prototype, and not inherent to the LED design. 

 Similar comments are valid also for the tests shown in Figure 2-39 and Figure 2-40. 
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Figure 2-39: Hysteresis loops of the LED prototype at the cyclic tests according to [22] 

 

Figure 2-40: Hysteresis loops of the LED prototype at different frequencies 

 

Figure 2-41: Hysteresis loops of the LED prototype at the cyclic test according to [105] 

Two quantities are calculated at each cycle and used to characterize the response of the LED, namely the 

effective stiffness and the effective damping, determined through the expressions Eq. (2.5) and Eq. (2.6): 

 
ὑὩὪὪ

ὔ

Ὠ
 

(2.5) 

 
ʊ

ς

“

ὃ

τὑ ϽὨὦ
ς 

(2.6) 

where ὔὦ is the output force of the prototype, Ὠ is the maximum cyclic deflection, and ὃ  is the area of 

the hysteresis loop, i.e., the amount of energy dissipated in the cycle. 
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The European norm prescribes that both quantities ὑ  and ʊ  remain essentially constant as the cycles 

proceed, as shown in Table 2-4, where Ὥ is the cycle number (Ὥ ς) and ὑ ȟ and ‚ ȟ are the effective 

stiffness and the effective damping at the third cycle respectively. 

Requirements 

ὑὩὪὪȟὭ ὑὩὪὪȟσ

ὑὩὪὪȟσ
πȢρπ 

ʊ
ὩὪὪȟὭ

ʊ
ὩὪὪȟσ

ʊ
ὩὪὪȟσ

πȢρπ 

Table 2-4: Requirements of the European norm EN 15129 [22] 

Figure 2-42 shows the cyclic variation of the effective stiffness and the effective damping assessed in the 

tests of Table 2-2, highlighting a robust and stable behavior. Both ὑ  and ʊ  essentially fulfill the 

stability requirements of Table 2-4, with a maximum change in the effective damping of ςȢτϷ in the test 

sequence at Ὠ ρπάά. The average value of ʊ  over 10 cycles performed at the design deflection is 

0.55, i.e., 86% of the effective damping of an ideally rectangular loop, confirming the good dissipation 

capacity of the LED. After each sequence of tests, the prototype was left at ambient temperature for some 

time (45 min ÷ 90 min) and then subjected to the next sequence of cycles; the stiffness and damping were 

practically unchanged from the previous sequence. After cooling lead recrystallizes and recovers its original 

properties, thereby providing a reliable and consistent response even in case of multiple loading sequences 

occurring within short time 

Eventually, in the monotonic ramp test the prototype was able to sustain the amplified design deflection 

‎‎Ὠ  and the forceïdeflection curves present a stable behavior, demonstrating the ability of the device 

to accommodate the prescribed displacement without any mechanical damage or deterioration of its stiffness.  

Figure 2-43 shows the cyclic variation of the effective stiffness and the effective damping assessed in the 

additional tests performed to check the velocity dependence and the respect of the requirement of the Italian 

Building Code [105]: the response of the device shows a light dependence upon the velocity, already 

observed in Figure 2-38, and both stiffness and damping confirm their substantial stability over repeated 

cycles.  
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Figure 2-42: Plots of (a) effective stiffness ὑ , and (b) effective damping ‚  of the LED vs. number of cycles at different 

deflection amplitudes Ὠ  

 

Figure 2-43: Plots of (a) effective stiffness ὑ , and (b) effective damping ‚  of the LED vs. number of cycles at different 

frequencies  
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2.5. Modelling of LED in OpenSees 

The shape of the hysteresis loops of the LED is essentially rectangular, and the behavior of the device is 

robust and stable under multiple cycles of motion at the basic design earthquake displacement. 

In order to leave out some irregular behavior observed in the tests due to manufacturing inaccuracies, the 

formulation of constitutive models of the LED is performed by referring to the regular behavior of the device 

shown in Figure 2-38. 

For this reason, the simplest modelling option to represent the constitutive behavior of LED in OpenSees 

[106] is the elastic-perfectly plastic uniaxialMaterial ElasticPP object material [107]. The model is 

described by four parameters, namely the tangent E, the strain or deformation thresholds epsP and epsN at 

which the material reaches the plastic state in either tension or compression, respectively, and the initial 

strain eps0, Figure 2-44. For the LED, based on the test results presented in Section 2.3, eps0 = 0 and epsP 

= - epsN, i.e., symmetric behavior in tension and compression is assumed. 

 

Figure 2-44: uniaxialMaterial ElasticPP law in OpenSees [107] 

The strength of this element stands on its simplicity and on the fact that it is implemented in every software 

program for structural calculation. However, this representation does not take into account some additional 

features that were observed in the tests, e.g., a light dependence of the reaction force on velocity and its 

decrease at the reversal of the motion. For this reason, other uniaxialMaterial element objects in OpenSees 

that can be more suitable to represent the constitutive behavior of the LED are investigated. 

By referring again to Figure 2-38, beyond a very stiff initial elastic response, the reaction force keeps almost 

constant and independent on the displacement. To represent this behavior, the model needs to incorporate a 

force contribution (Ὂ) typical of an elastic-perfectly plastic material with a very high initial stiffness.  

A minor contribution of velocity is also disclosed, as observed e.g., close to motion reversals. This behavior, 

which was already highlighted in other studies [90], can be modelled by a simple exponential relation like 

Ὂ ὅϽὺ , typical of viscous solids, which are usually represented by a Maxwell model. 

The model proposed hereinafter (referred as EPPV) and depicted in Figure 2-45, aims at describing the two 

aforesaid mechanisms by means of a simple rheological model comprising a parallel of two systems, namely 
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(i) a non-linear spring, with associated the uniaxialMaterial ElasticPP object material to represent an elastic 

perfectly plastic behavior with force Ὂ, and (ii) a Maxwell model with associated the uniaxialMaterial 

Viscous Damper object material, that provides the velocity-dependent response Ὂ. Such model can be 

formulated in the OpenSees framework by using a truss element with associated a Parallel material made of 

the two uniaxial object materials ElasticPP and ViscousDamper. 

The EPPV model is described by 5 parameters, namely: the yield displacement Ὠ  and the plastic force ὠ  

of the uniaxialMaterial ElasticPP material object, and the stiffness ὑ  of the internal linear spring, the 

damping coefficient ὅ and the velocity exponent ‌  of the uniaxialMaterial ViscousDamper object material 

(Figure 2-45). 

 

Figure 2-45: Model EPPV formulated in OpenSees 

A simple procedure for tuning the EPPV system based on an experimental force ï displacement plot is 

established. The procedure consists of five steps: 

(a) the plastic force ὠ  of the uniaxialMaterial ElasticPP material is set as a fixed part ‍ (typically 80%) 

of the total output force of the parallel EPPV system; after sliding of the shaft onto the working material 

has been engaged, the plastic force ὠ  coincides with the output force Ὂ of the EPP system; 

(b) the yield displacement Ὠ  of the ElasticPP material is identified from the initial branch of the 

experimental force ï displacement curve as the deflection corresponding to an axial force equal to ὠ ; 

(c) the stiffness of the internal spring of the uniaxialMaterial ViscousDamper material is set as ὑ ρππϽ

, where ὠ ȾὨ  is the initial stiffness of the ElasticPP material; this choice is motivated by the 

need to avoid deformation of the internal spring of the ViscousDamper material, and to concentrate the 

whole deflection in the dashpot portion; 

(d) the damping coefficient ὅ of the ViscousDamper material is formulated as a function of the velocity 

exponent ‌  through the relation ὅ ὊȾὺ , where Ὂ Ὂ Ὂ  ρ  ‍Ὂ   is the 
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output force of the ViscousDamper material, and ὺ  is the maximum velocity developed by the 

damper through the cycle; 

(e) eventually the velocity exponent ‌  of the ViscousDamper material is determined by minimizing the 

deviation between the areas enclosed in the experimental and numerical force ï displacement loops. 

The tuning strategy aims at matching the maximum experimental force of the LED (but for the negligible 

contribution of the internal damper spring with stiffness ὑ ) and minimizing the deviation between the 

analytical and the experimental values of the Energy Dissipated per Cycle. 

Figure 2-46 shows the fit of the EPPV analytical model to the experimental curve of Figure 2-38, after 

removing the idle displacements at zero force due to joint clearances.  

 

Figure 2-46: Fit of analytical model to experimental curve 

The EPP system is supposed to provide a fraction ‍ ψπϷ of Ὂ   ςςπ Ὧὔ, corresponding to ὠ

ρχφ Ὧὔ, and Ὠ  = 1.0 mm is the corresponding displacement in the experimental curve. The ductility of the 

device is then ‘ ςρ, and the stiffness associated to Ὂ counts ρχφ ὯὔȾάά.  

The ViscousDamper material provides the remaining 20% of Ὂ . The stiffness value ὑ  is set to 

ρχφππ ὯὔȾάά, while the parameters ὥ  and ὅ are estimated from the fitting procedure as ‌ πȢσ and 

ὅ σωȢχχ ὯὔίȾάά Ȣ. 

The fair performance of the EPPV model is highlighted in Table 2-5 where the response of the prototype 

and the model are compared.  
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Parameters Experimental Analytical Deviation 

ὊὧέάὴὶὩίίὭέὲ Ὧὔ ςςπȢςχ ςςπȢςψ πȢππυϷ 

ὊὸὩὲίὭέὲὯὔ ςςρȢχφ ςςπȢςψ πȢφφχϷ 

ὑ  
Ὧὔ

άά
 ρπȢυρ ρπȢτψ πȢςψϷ 

ὉὈὅ Ὧὐ ρχȢρπσ ρχȢφσυ σȢρρϷ 

Table 2-5: Comparison between the experimental response and the analytical model in terms of maximum compression 

(ὊὧέάὴὶὩίίὭέὲ) and maximum tension forces (ὊὸὩὲίὭέὲ), effective stiffness (ὑὩὪὪ) and Energy Dissipated in the Cycle (ὉὈὅ) 

The EPPV model is able to reproduce the essential behavior of the damper, including the light dependency 

of the axial force on the velocity that is apparent at motion reversals, providing accurate estimates of 

maximum force, effective stiffness and dissipated energy. The maximum discrepancy between the 

experimental and the analytical curves occurs in the first quadrant, where the actual force of the prototype is 

about 10% less than in the other quadrants, probably due to the inertial forces of the testing machine at the 

beginning of the test, that reduce the test velocity applied to the device. It is worth to highlight that if the 

first quadrant were ignored, the difference between the areas of the experimental and analytical model in the 

second, third and fourth quadrants would be as lower as 1.1%.  

Finally, it must be mentioned that when the LED is encased in a brace, an additional spring should be added 

in series to reproduce the behavior of the latter component. The stiffness of the driver brace is an important 

design feature, because it needs to be higher than the stiffness of the damper in order to allow the device to 

be effective in dissipating energy [108]. 
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2.6. Conclusions 

The Lead Damper (LED), an emerging energy dissipation device, has been experimentally  investigated. The 

device provides energy dissipation through the friction created between the lead core and a shaft and achieves 

high specific output force through preloading of the working material during the assembly. 

A prototype of the LED was experimentally assessed according to the provisions of the European standard 

EN 15129 for Displacement Dependent Devices. The damper exhibits a consistent rigid-plastic behavior, 

with an equivalent damping ratio of 0.55, close to the maximum theoretical value of 0.63.  

Cyclic tests were used to evaluate the response of the damper at different displacement amplitudes and 

showed a strength degradation when the damper switches from compression (N < 0, shaft moving inwards) 

to extension (N > 0, shaft mowing outwards), especially for larger amplitudes. The difference among the 

two phases is primarily due to the leakage of the working material when the shaft moves outwards, due to 

an excessive clearance between shaft and bore, and to the lengthening of the screws in the cap, rather than 

being not an inherent feature of the LED device. 

The tested specimen is able to sustain multiple sequences of motion at the basic design earthquake 

displacement, demonstrating its ability to provide maintenance-free operation even in presence of repeated 

ground shakes. Though a certain softening of the working material is observed due to heating, the changes 

in damping capacity over 10 cycles at the design deflection lie within the ±10% bound. The effect of heating 

is only temporary, and when the damper is cooled down to ambient temperature, the stiffness and damping 

characteristics return to their original value.  

Two constitutive models of the LED have been formulated in the OpenSees framework to perform non-

linear dynamic analyses. The first model is an elastic-perfectly plastic material model (named EPP) with 

symmetric behavior in tension and compression (uniaxialMaterial ElasticPP object material), which is a 

simple formulation available in every software program for structural calculation. The second model is more 

refined and consists in a parallel set of two systems (named EPPV), namely an elastic-perfectly plastic 

material (uniaxialMaterial ElasticPP object material) and a Maxwell model (uniaxialMaterial Viscous 

Damper object material). This latter representation is able to reproduce the essential behavior of the damper, 

including the light dependency of the axial force on the velocity that is apparent at motion reversals, 

providing accurate estimates of maximum force, effective stiffness and dissipated energy. The EPPV model 

is described by 5 parameters, namely: the yield displacement Ὠ  and the plastic force ὠ  of the 

uniaxialMaterial ElasticPP material object, and the stiffness ὑ  of the internal linear spring, the damping 

coefficient ὅ and the velocity exponent ‌  of the uniaxialMaterial ViscousDamper material object. A 

simple procedure has been applied for tuning the EPPV system based on an experimental force ï 

displacement. The model EPPV will be implemented in the non-linear analyses performed in Chapter 4.  
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2.7. Symbols 

ὥ annular area of orifice 

ὃ annular area around the shaft 

ὃὦόὰὫὩ annular area of the bulge 

ὃὧώὧὰὩ area of the hysteresis loop, equal to the amount of energy dissipated in the cycle 

ὃίὬὥὪὸ surface area of the shaft 

ὃὄ bulge area 

ὃὙ area ratio 

ὅ damping coefficient of the uniaxialMaterial ViscousDamper object material in OpenSees [107] 

associated to the EPPV model 

Ὀ effective diameter corresponding to annular lead area ὃ 

Ὠ amplified displacement prescribed by [105] = ‎
ὼ
Ὠ  

Ὠ maximum cyclic deflection of the LED prototype 

ὨὦὨ design displacement 

Ὠ  yield displacement of the uniaxialMaterial ElasticPP object material in OpenSees [107] associated to the 

EPPV model 

ὈὦὰὫ bulge diameter 

Ὀὧώὰ cylinder diameter 

ὈὈ resistive force of the device 

Ὀ shaft diameter 

Ὁ tangent in the model uniaxialMaterial ElasticPP in OpenSees [107] 

Ὁ  energy dissipated by the structure 

Ὁ input energy from the ground shacking 

Ὂ force contribution to the EPPV model with associated the uniaxialMaterial ElasticPP object material in 

OpenSees [107] 

Ὂ force contribution to the EPPV model with associated the uniaxialMaterial ViscousDamper object 

material in OpenSees [107] 

Ὡὴίπ initial strain in the model uniaxialMaterial ElasticPP in OpenSees [107] 

Ὡὴίὔ deformation in compression in the model UniaxialMaterial ElasticPP in OpenSees [107] 
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Ὡὴίὖ deformation in tension in the model uniaxialMaterial ElasticPP in OpenSees [107] 

Ὁ energy stored by the structures 

Ὢ frequency 

Ὂ extrusion damper force 

Ὂ  maximum output force of the LED 

ὑὨ elastic stiffness of the internal spring of the uniaxialMaterial ViscousDamper object material in 

OpenSees [107] associated to the EPPV model 

ὑὩὪὪ effective stiffness 

ὒ length of the shaft in sliding contact with the working material and device end caps 

ὒὧώὰ cylinder length 

ὒ length of shaft in contact with the working material in the LED prototype 

ά constant specific to the extrusion process  

ὔ axial force in the LED prototype 

ὔ  output force of the LED prototype  

ὔ  axial force in the hysteretic damper 

ὔ  yield strength in the hysteretic damper  

ὶ stiffness hardening ratio of the damper 

Ὓὃ surface area 

Ὓ spectral acceleration 

Ὓ  spectral displacement 

ὠ  plastic force of the uniaxialMaterial ElasticPP object material in OpenSees [107] associated to the 

EPPV model 

 velocity of the shaft 

ὣ yield strength for the lead 

‌ velocity coefficient (constant value) 

‌π, ‌ρ, ‌ς, ‌σ weighting coefficients identified by fitting the models to experimental device data 

‌  velocity exponent of the uniaxialMaterial ViscousDamper object material in OpenSees [107] associated 

to the EPPV model 
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‍ fraction of the total output force Ὂ of the LED assigned to the plastic force ὠ  of the uniaxialMaterial 

ElasticPP object material in OpenSees [107] 

ῳ  axial displacement of the hysteretic damper  

ῳά maximum displacement of the cycle 

‎
ὦ
 amplification factor ρȢρ [22] 

‎
ὼ
 reliability factor ρȢς ςς 

‚
ὩὪὪ

 effective damping 

‘ coefficient of friction between the working material and the steel shaft  

‘  ductility of the device 

„π direct stress imposed on the bulge face area 

†Ὀ shear stress due to the load between the shaft and the lead   
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3. Design procedure for the seismic retrofit of RC 

framed structures 

This Chapter presents a simple and affordable design procedure for the seismic upgrade of frame structures 

equipped with hysteretic dampers. The proposed framework is aimed at leading the designer to proportion 

the damper device(s) in order to achieve a desired structural performance level. According to the method, 

the structural system composed by frame and dampers is replaced by an equivalent Single Degree of Freedom 

(SDOF) system, characterized through its secant stiffness and equivalent viscous damping, both defined in 

relation to a ñperformance pointò which is assigned on the basis of the allowable damage of the frame and 

on the first mode deformation of the main structure. The global stiffness and strength of the equivalent SDOF 

system are then distributed along the height of the frame according to a stiffness-proportionality criterion, 

and the properties of the damper units are calculated depending on the chosen layout. Two case-studies 

relevant to as many reinforced concrete frames are provided to demonstrate the effectiveness of the suggested 

procedure, obtaining a satisfactory agreement between the design target and numerical capacity curves. 

Structural models are coded in the OpenSees framework adopting a concentrated plasticity approach, as 

studied in Chapter 1. Non-linear dynamic analyses are further performed to assess the reliability of the 

methodology 

3.1. Introduction 

Supplementary energy dissipation in structures is typically achieved by incorporating energy dissipation 

devices, commonly referred to as dampers, intended to absorb much of the earthquake input energy thus 

eliminating or limiting the damage to the structural frame. It is noteworthy that, if necessary, energy 

dissipation devices can be easily replaced at the end of the seismic event [1]. Current dampers can be 

classified in two categories [1]:  (i) viscous dampers, which provide dissipation through the lamination of a 

viscous fluid forced to pass through an orifice or a valving system, and whose behavior mainly depends on 

the velocity; and (ii) hysteretic dampers, whose behavior mainly depends on the imposed displacement, and 

which are further classified into hysteretic steel dampers, friction dampers and metal extrusion dampers, 

depending on the energy dissipation mechanism. 

A common practice for the seismic upgrade of existing structures using supplementary energy dissipation 

systems consists in determining the size and the suitable location of the dissipation units within the building 

starting from a trial configuration based on the engineerôs expertise and assessing the retrofitted structure 

through dynamic or static analyses [2]. The properties and/or the number of the added dissipation units are 

iteratively changed until the target performance is reached. It is evident that this trial-and-error approach can 

be a laborious task. 

Several procedures have been proposed in recent years for the design of supplementary energy dissipation 

systems and some of them are based on the Direct Displacement-Based Design (DDBD) method [3]. In the 

DDBD approach [4], a target displacement demand is defined and related to a given inter-story drift that a 
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structure should achieve when subjected to the design earthquake. Based on the target displaced 

configuration, a ñsubstituteò SDOF model is defined and used to replace the multi-degree of freedom 

(MDOF) structure. The substitute SDOF model consists of an equivalent linear system, characterized by an 

effective (secant) stiffness and an effective energy dissipated, represented through an equivalent damping 

ratio. The design displacement of the equivalent SDOF structure is used in combination with the design 

displacement response spectrum, to determine the effective period of the substitute structure and, in turn, its 

effective stiffness. The design base shear is then obtained as the product of the design displacement of the 

SDOF system and its secant stiffness [5]. Over the years, this approach has been implemented to design new 

structures and efforts have been made by several authors to adapt the DDBD method to the design and retrofit 

of structures equipped with dissipating devices [5]-[12], by incorporating an equivalent viscous damping 

term proportional to the energy dissipation provided by the dampers [3]. It is also worth mentioning the 

procedure described by Levy et al. [13] who use an equivalent SDOF system to obtain the optimal period of 

the braced structure by performing a full non-linear dynamic analysis for a set of recorded ground motions. 

Kim and Choi [2] applied the general procedure of the DDBD documented in the SEAOC Blue Book [14] 

in reverse order for evaluating the seismic performance of an existing structure. In principle the procedure 

is similar to the Capacity Spectrum Method [15], in that the design performance point is determined as the 

point where the displacement demand of the earthquake equals the plastic deformation capacity of the 

structure. However, the displacement response spectrum instead of the acceleration-displacement response 

spectrum (ADRS) is used, and the required damping is calculated as the difference between the total effective 

damping needed to meet the target displacement and the equivalent damping provided by the structure at the 

target displacement. For viscous dampers the design process ends here, while for dampers with stiffness, 

such as viscoelastic or hysteretic dampers, iterations are required because the introduction of the devices 

increases the stiffness of the system as well. In that case, the capacity curve of the structure needs to be 

redrawn considering added dampers, and the process is repeated until convergence. 

Mazza and Vulcano [16]-[18] developed a building retrofit procedure according to the Performance-Based 

Design in order to achieve, for a given seismic intensity level, a specified performance objective, for example 

an assigned level of damage of either the structural or non-structural elements. The procedure aims at 

controlling the inter-story drifts of the building and, in particular, a proportional stiffness criterion, which 

assumes the elastic lateral story-stiffness due to the dissipating braces (ὑ ) proportional to that of the 

unbraced frame (ὑ ), is combined with the DDBD method, in which the design starts from the target 

deformation. In this iterative approach, the ratio ὑ Ⱦὑ  is assigned depending on the strength of the 

unbraced frame and on the protection level expected for the building, and is kept constant at each story 

throughout the whole procedure. Though initially conceived for essentially regular structures, it has been 

extended to in-elevation irregular framed structures ([19], [20]) and unsymmetric-plan structures ([21], [22]).   

Lin et al. [23] adapted their original method, initially formulated for the design of new and regular buildings 

equipped with generic energy dissipation systems [6], to retrofit existing buildings using non-linear viscous 

dampers based on the concept of equivalent linear system.  In this method, the location and properties of the 
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dampers need to be established at the beginning of the process. Londono et al. [24] provided an additional 

tool, complementary to conventional damper design strategies, that can be used to calculate the stiffness 

required by the supporting brace to provide the specified effectiveness of the damping action. Raju and Iyer 

[25] developed a methodology useful for finding the capacity and the distribution of viscous fluid dampers 

fitted in different mechanisms (specifically in chevron, upper toggle and scissor jack mechanisms) located 

in buildings.  

Bergami and Nuti [26] developed a general procedure, valid for any typology of dissipative brace, intended 

to achieve the following performance objectives: (i) protect the structure against structural damage or 

collapse; (ii) avoid non-structural damage; and (iii) avoid excessive base shear. This DDBD approach is 

based on the Capacity Spectrum Method [27] and consists of an iterative procedure where the capacity curve 

of the braced structure is evaluated at each iteration step considering the different contributions of the as-

built structural frame and of the damped brace systems. The desired performance of the structure is selected 

as the target displacement corresponding to a selected limit state for a given seismic action, and the additional 

damping introduced from the dissipative brace system is estimated as the difference between the total 

damping required to achieve the performance point, and the hysteretic damping of the structure without 

braces. 

Di Cesare and Ponzo [28] focused on steel hysteretic brace systems and proposed an iterative procedure 

intended to control the maximum inter-story drifts, by regularizing the stiffness and strength along the height 

of the braced building according to the regularity criteria provided by seismic codes (e.g. [29], [30]). This 

method has found applications in some recent publications ([31], [32]). 

Barbagallo et al. [33] focused on the retrofit of existing reinforced concrete (RC) frame buildings using 

Buckling Restrained Braces (BRBs). The authors highlighted that all the procedures in the literature do not 

allow a direct control of drift demand; for this reason, they proposed an iterative method, consistent with the 

prescriptions of Eurocode 8 (EC8) [29], to determine the size of BRBs at each story. Differently from the 

previous methods, this approach operates on the MDOF system (not on the substitute SDOF) and the non-

linear static analysis is performed only to evaluate the internal force of the frame members. 

Ferraioli and Lavino [3] identified some critical aspects common to all the previous methods:  (i) the frame-

damped brace interaction is neglected, as no method considers the increase of the axial force in the frame 

columns and the consequent reduction of the deformation capacity; (ii) the proportional stiffness criterion 

commonly adopted to distribute the damper properties along the height of the frame may produce a non-

uniform distribution of peak story drift under earthquake ground motions, not preventing soft-story 

mechanisms. Moreover, the existing methods generally include only the first mode contribution, neglecting 

the influence of higher modes in the response of MDOF elastoplastic systems, and in case of asymmetric-

plan buildings the behavior of the RC bare frame is dominated by the torsional effects, which disappear when 

the damped braced structure is analyzed. For this reason, the authors divided their procedure in two phases: 

in the first phase, a preliminary design of the dissipative braces is conducted, and relevant properties and 

position are determined according to the method of Mazza and Vulcano [18]; in the second phase, the 
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Displacement-based Adaptive Pushover (DAP) [34] is carried out and an adaptive version of the Capacity 

Spectrum Method is developed (starting from the classical version of Fajfar [27]), in order to overcome the 

assumptions that the structure vibrates predominantly in a single mode and that the dynamic properties of 

the structure remain unchanged after the insertion of the braces. 

Recently, Nuzzo et al. [35], [36] proposed a procedure, similar to the one of Bergami and Nuti [26], valid 

for design and retrofit of frame structures equipped with hysteretic dampers, taking into account the 

flexibility of the supporting brace, usually provided to connect the device to the external frame. However, 

differently from reference [26], the pushover analysis is performed only at the beginning of the procedure in 

order to define the capacity curve of the bare frame, while in the following steps, the capacity curve of the 

braced frame is evaluated by means of simple analytical equations.  

Some authors proposed simplified procedures to directly determine the characteristics of the supplementary 

energy dissipation systems avoiding iterations. Diotallevi et al. [37] focused on non-linear viscous dampers 

and based the retrofit procedure on a new dimensionless parameter, called damper index, which has been 

introduced in the equations of motion. This method was later extended by Landi et al. [38] to include the 

case of structures exceeding the elastic limit. 

Other authors decided to adopt energy-based methods. Silvestri et al. [39] and Palermo et al. [40] proposed 

a 5-steps energy-based procedure for the dimensioning of viscous dampers, starting from the practical 

indications given by Christopoulos and Filiatrault [1]. The method is direct, no iterations are needed, and it 

does not require to introduce fictitious springs, since only the additional damping is considered; differently 

from the other procedures, this method requires the application of time-history analyses instead of pushover 

analyses.     

Durucan and Dicleli [41] proposed an iterative energy-based approach to upgrade the performance of 

seismically vulnerable RC buildings. The methodology is based on the equal energy dissipation principle, 

whereby the energy dissipated by an elastic system can be assumed to be equal to that dissipated by an 

identical (non-linear) system that yields at a certain lateral force level. The difference between the areas 

under the elastic and inelastic base shear force vs. roof displacement curves is the required additional energy 

that needs to be absorbed by the retrofitting system.  

Terenzi [42] improved the method originally proposed [43], focusing on the retrofit of RC structures 

upgraded with fluid viscous dampers. This approach does not require any preliminary evaluation of the input 

energy demand and is intended only for relatively stiff frame structures, where the seismic performance can 

be enhanced by incorporating a supplementary damping system with limited stiffness capacity. 

Finally, De Domenico et al. [44] presented a deep review of different design strategies for the protection of 

buildings using fluid viscous dampers, concluding that energy-based design strategies provide the best 

method to define the optimal damper distribution in the building, and permits a global control of the seismic 

response including displacements, accelerations, forces and energy-specific quantities. 
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As a matter of fact, most of the methods presented above are not straightforward and nowadays many 

practitioners still have little confidence in supplementary energy dissipation strategies, especially for 

applications to ordinary constructions where simple and affordable methods may foster the adoption of 

seismic mitigation strategies based on damper technology. The present study proposes an effective and easy 

to use procedure for the seismic upgrade of existing frame structures by means of hysteretic damped braces. 

The procedure is suitable for professional applications and consists of two main parts: (i) a simple method 

to define the global properties of the damped brace system, described by means of an equivalent SDOF 

system; and (ii) a strategy to determine the distribution of the properties of the equivalent SDOF damped 

brace along the height and across each floor of the structure.  

The procedure to calculate the global properties of the energy dissipation system is based on the Capacity 

Spectrum Method [15], [27]. Similarly to the method [35], the capacity curve of the main frame is determined 

at the beginning of the process via non-linear static analysis (NLSA), while the capacity curve of the braced 

frame is defined by simple analytical equations, thus providing an iterative procedure that converges in few 

steps and that can be implemented in a spreadsheet.   

The second part of the procedure is focused on distributing the effective properties of the damped brace 

system along the height and across the stories of the building. A method, derived from the literature and 

based on the principle of distributing the stiffness and strength proportionally to the stiffness of each floor 

calculated via dynamic analysis is presented. Finally, the properties of the dissipation braces at each floor 

are determined accounting for the actual number and layout of the devices. 

The ease and effectiveness of the method is illustrated analyzing two RC buildings. The first structure is an 

existing 4-story frame building located in a medium/high seismic area and designed according to outdated 

standards [28], which needs to be retrofitted to comply with the performance requirements of the most recent 

Italian norm [30]. The second structure is a residential 6-story building, designed according to the current 

Italian Building Code [30] for a low seismicity zone [45], which is upgraded to resist higher seismic 

excitations corresponding to a high seismicity area. Both structures are supposed to fail in flexure and 

specific issues, typical of existing buildings (namely, shear failure of beams, columns, or beam-column 

joints) are not taken into account in the numerical models.  

The procedure is applied to the two case-studies and illustrated step by step, discussing the main results. The 

effects of the distribution of the damper properties at the various floors are also highlighted by examining, 

as an alternative to the method recommended in the procedure, a second procedure available in the literature. 

Non-linear static and dynamic analyses (NLSA and NLDA) are eventually performed.  

It must be finally mentioned that, though the case-studies presented in the paper refer to RC structures, the 

procedure herein proposed has been formulated for conventional, flexible framed structures and is applicable 

to steel structures as well. 
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3.2. Design procedure of the damped brace system  

This section presents a design methodology for the upgrade of an existing structure via hysteretic dampers, 

to achieve the specified performance level. The design procedure is based on the Capacity Spectrum Method 

[46]: the required performance is expressed in terms of a target displacement demand, associated to the 

acceptable damage to the main frame, and the structural response is obtained by reducing the demand 

response spectrum as a function of the additional damping introduced by the supplementary energy 

dissipation. Iterations are required since the addition of braces increases the stiffness of the system and the 

capacity curve has to be continuously updated as the characteristics of the damped braces are defined.  

The procedure is applicable to frame buildings equipped with hysteretic dampers with behavior dependent 

solely on the axial deformation, and insensitive to velocity. The non-linear response of the bare structure is 

initially estimated by performing a pushover analysis on the multi-degree of freedom (MDOF) frame and 

then idealized as the bilinear curve of an equivalent single-degree of freedom (SDOF) system, as prescribed 

in Eurocode 8 ï Part 1 [47]. The equivalent SDOF unbraced frame (F) and the damped brace (DB) systems 

are considered as bi-linear springs working in parallel, providing the equivalent response of the combined 

Frame + Damped Brace (F+DB) system, Figure 3-1. 

 

Figure 3-1: Rheological model of the unbraced frame, the damped brace and the combined braced frame systems [48] 

The theoretical forceïdeflection curve of a hysteretic damper is shown in Figure 3-2, where ὔ  is the output 

force, Ὠ  is the axial deflection, ὔ  and Ὠ  are the yield force and yield deflection of the device, ὔ  and 

Ὠ  are the ultimate force and deflection, and ὶ  π is the hardening parameter; the area enclosed in the 

hysteresis loop corresponds to the energy dissipated by the damper during a cycle. ὑ ὔ ȾὨ  is the 

initial or elastic stiffness and ὑȟ ὶ ὑ  is the post-yield stiffness. Hysteretic dampers can have either a 

hardening behavior with positive post-yield stiffness (ὶ  π), or an elastic-perfectly plastic behavior (ὶ 

π), which provides an output force independent on the accommodated deflection [49]. In the description of 

the procedure, hysteretic dampers with elastic-perfectly plastic behavior are assumed, but the method can be 

generalized to dampers with any ὶ  π. 
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Figure 3-2: Theoretical force ï deflection diagram of hysteretic dampers [48] 

The method is developed in the acceleration-displacement response spectrum (ADRS) space and the DB 

capacity curve is obtained as the difference between the capacity curve of the F+DB system achieving the 

target displacement, and the capacity curve of the bare frame F.  Then, the mechanical properties of the 

identified equivalent SDOF damped brace are distributed at each story according to a proportionality 

criterion with respect to the first mode properties of the unbraced frame. 

The design procedure, which consists of 5 steps, is schematically shown in the flowchart in Figure 3-3 and 

detailed through the following sub-sections, each one corresponding to a single step of the framework. It is 

necessary to recall that a pre-requisite for the application of the procedure is that the behavior of the frame 

building is governed by the first mode, which legitimates the condensation of the MDOF structure to the 

equivalent SDOF system. 
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Figure 3-3: Flowchart of the proposed procedure [48] 
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3.2.1 Define the capacity curve of the Main Frame 

In the first step of the procedure, the capacity curve of the as-built structure is evaluated via a non-linear 

static analysis: the structural frame is statically loaded with gravity loads combined with a set of lateral forces 

to calculate the relationship between the lateral force and the lateral displacement of a suitable point of the 

structure, e.g., the center of mass of the roof. According to the prescriptions of [47], two lateral load 

distributions are considered: a uniform pattern, proportional to the floor masses ά  (with Ὥ ρ ὲ, where 

n is the total number of floors) and a modal pattern, obtained multiplying the first mode eigenvector 

components ‰ by the corresponding floor masses ά . The load distributions are applied in both the positive 

and negative direction of each axis, considering 5% accidental eccentricity of the center of mass of each 

story [47]. For each load distribution the relevant base shear force vs. roof displacement (ὠ Ὠ) curve is 

calculated, and the lowest curve is taken as the capacity curve of the main (unbraced) structure. 

The ὠ Ὠ  capacity curve of the MDOF structure is then converted to the ὠᶻ Ὠᶻ capacity curve of the 

equivalent SDOF system through the modal participation factor ῲ (Eq. 3.1) [27], [47]. The displacement Ὠᶻ, 

the force ὠᶻ and the mass άᶻ of the equivalent SDOF system are determined via equations (3.2) ï (3.4): 
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3.2.2 Identify the target displacement and define the equivalent bilinear capacity curve of the Main Frame 

The target displacement Ὠ  of the structure is identified depending on the required level of performance in 

accordance with the assumed design code. By referring to, e.g., the Italian Building Code (NTC) [30], the 

target displacement Ὠ  can be chosen in order to fulfill the limits recommended in Table 7.3.III of NTC for 

the protection of both structural and non-structural elements. For example, depending on the considered limit 

state, the target displacement limiting damage to non-structural elements corresponds to a maximum inter-

story drift ratio ῳ  ranging between 0.5% and 0.75% [35]. 

In order to fit the required performance at each story, the lateral displacement at the top of the frame is bound 

to match the target displacement 
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Ὠ άὭὲ

Ў ϽὬ

‏
 

(3.5a) 

where Ў  is the target inter-story drift ratio, Ὤ is the height of the ith story, and ‏ ‰ ‰ . The 

product Ў ϽὬ represents the target drift of the ith story, while ‏ is the difference between the first mode 

eigenvector components of the adjacent stories. If the inter-story height is uniform, i.e., Ὤ  Ὤ for i = 1, 

é n (n = number of stories), then Equation (3.5a) can be simplified as   

  
Ὠ

Ў ϽὬ

‏
 

(3.5b) 

with ‏ άὥὼ‰ ‰ . 

By setting the ultimate displacement of the as-built structure equal to the identified target displacement Ὠ

Ὠ , the ductility of the main frame is defined as ‘ ὨȾὨ  where Ὠ  is the yield displacement of the frame. 

Obviously, if the target is that the structure remains in the elastic range, ‘ = 1.  

Once the target displacement Ὠ  (and the corresponding base shear force of the main frame ὠ ) is assigned, 

the bilinear curve of the equivalent SDOF system is evaluated in accordance with reference [26] and clause 

C.7.3.4.2 of reference [51]. Such equivalent bilinear curve is defined by three conditions, namely: (i) same 

initial stiffness as the initial stiffness of the MDOF capacity curve, (ii)  crossing of the performance point 

(Ὠᶻȟὠᶻ  where Ὠᶻ  ὨȾῲ and ὠᶻ  ὠȾῲ, and (iii) equivalence of areas A1 and A2 between the two 

curves, as shown in Figure 3-4. 

 

Figure 3-4: Definition of the equivalent bilinear curve according to [51], [48]  



3 Design procedure for the seismic retrofit of RC framed structures  

107 

Through the equivalent bilinear curve, the SDOF system is characterized by an equivalent secant stiffness 

ὑᶻ ὠᶻȾὨᶻ and an equivalent viscous damping ratio ‚ (in percent) defined as in [50], [51]:  

  
‚  

‖ ϽφσȢχϽὠᶻ Ὠᶻ ὠᶻ Ὠᶻ

ὠz  Ὠz
  υ  

(3.6) 

where parameter ‖ accounts for the energy dissipation capacity of the bare structure and can be taken as 

ρȢπ for structures with high damping capability (providing wide and stable hysteresis loops), πȢφφ for 

structures with moderate damping capability (with moderate change of the hysteresis loops) and πȢσσ for 

structures with low damping capability (with hysteresis loops affected by substantial pinching and decrease 

of area) [15]. On the right side of Eq. (3.6) the first term represents the contribution of the inelastic 

deformation of the frame to the total equivalent damping, and the second term is the 5% inherent viscous 

damping of the structure. Though in the current literature the damping ratio to be considered in NLTH 

analyses of both RC and steel structures is estimated in the range of 0.5% to 2% [52]-[55], a 5% value is 

chosen in order to take into account the energy dissipation coming from possible infill panels or other non 

modelled non-structural components. 

3.2.3 Check the displacement for the relevant ‚ 

The equivalent bilinear capacity curve ὠᶻ Ὠᶻ is converted into the capacity spectrum in the acceleration-

displacement response spectrum (ADRS) space, where the spectral coordinates are defined as Ὓ ὠᶻȾάᶻ 

(acceleration in άȾί) and Ὓ  Ὠᶻ (displacement in m).  

The seismic action for the considered performance level is defined in terms of acceleration ï displacement 

response spectra corresponding to different damping levels. For example, a 2% to 5% damped response 

spectrum is generally used to represent the demand when the structure responds as linearly-elastic, while 

higher damped response spectra are used to account for the hysteretic non-linear structural response of the 

system. To develop damped demand spectra, Equations (3.7a) and (3.7b) [47] are used in the procedure 

  

Ὓ ὝȠ ‚ Ὓ ὝȠ ‚ υϷ 
ρπ

υ ‚
 

(3.7a) 

  

Ὓ ὝȠ ‚ Ὓ ὝȠ ‚ υϷ 
ρπ

υ ‚
 

(3.7b) 

where T is the period of vibration in seconds. Response spectra are generally plotted in  Ὓ vs Ὕ or Ὓ vs Ὕ 

coordinates, however in order to have a direct comparison to the capacity spectrum, the response spectra are 

plotted in the acceleration-displacement plane, with a set of coordinates defined by Ὓ and Ὓ. It should be 

noted that when the spectral values are plotted in ADRS format, the period is represented by lines radiating 

from the origin [56]. 
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The spectral displacement of the main frame for the considered seismic action is determined analytically. 

The secant stiffness of the capacity spectrum to the target displacement ὑᶻ ὠᶻȾὨᶻ is used to calculate 

the effective period of the main structure Ὕᶻ ς“
ᶻ

 zand hence the corresponding spectral displacement 

Ὓ ὝᶻȠ ‚ Ὓ ὝᶻȠ ‚ υϷ  where ‚ is the equivalent viscous damping ratio of the unbraced 

structure defined by Eq. (3.6).  If Ὓ ὝᶻȠ ‚  Ὠᶻ the unbraced structure meets the performance 

requirement and the procedure ends (no retrofit is required). If Ὓ ὝᶻȠ ‚  Ὠᶻ the main frame alone is 

unable to meet the performance level and the damped brace system must be introduced. 

3.2.4 Evaluate the equivalent damped brace and the frame + damped brace capacity curve 

An iterative procedure is used to evaluate the damped brace. In the first iteration the undamped structure is 

considered with effective stiffness ὑ   ὑᶻ and effective period Ὕ   Ὕᶻ, with ὑᶻ and Ὕᶻ defined 

above. The line radiating from the origin with slope Ὕ  identifies, where it crosses the 5% damped 

response spectrum, the spectral displacement Ὠ of an elastic oscillator with period Ὕ  corresponding to 

the effective period of the unbraced frame at maximum response Ὠᶻ , i.e. Ὠ Ὓ Ὕ Ƞ‚ υϷ (Figure 

3-5).  

 

Figure 3-5: Evaluation of the spectral displacement Ὠ at first iteration [48] 

In order to meet the target displacement Ὠᶻ, additional damping must be supplied by the damped brace. 

According to Eq. (3.7b), the total damping ‚  required for the combined frame and damped brace (F+DB) 

system shall fulfill the displacement equality 

  Ὓ Ὕ Ƞ ‚ Ὠᶻ (3.8) 

from which a first estimate of the effective viscous damping ‚  is determined as 
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(3.9) 

The properties of the equivalent SDOF damped brace are determined as a function of ductility ‘ , which 

is assigned as a design input depending on the employed damper technology. An optimal design ductility for 

hysteretic steel dampers is assumed in the range of τ ρπ [31], whereas for friction and extrusion dampers 

there is no technological limitation to the displacement capacity that can be achieved without strength 

degradation [49]. The damper yield strength ὠ , which coincides with ὠ  for devices characterized by an 

elastic-perfectly plastic behavior (Figure 3-2), is instead the unknown of the procedure. 

The equivalent viscous damping of the damped brace system ‚  is calculated according to expression [50] 

  

‚  
‖  ϽφσȢχϽὠᶻ  Ὠᶻ ὠᶻ  Ὠᶻ

ὠz  Ὠz
  

(3.10) 

and by setting the ultimate displacement of the equivalent SDOF damped brace equal to the target 

displacement Ὠᶻ   Ὠᶻ, which yields Ὠᶻ ὨᶻȾ‘ ,  Eq. (3.10) simplifies to Eq. (3.11): 

  
‚  

φσȢχϽ‖ Ͻ‘ ρ

‘
 

(3.11) 

In Eqs. (3.10) and (3.11) the value of ‖  can be selected based on experience and past applications or 

calibrated from experimental evidence. 

The yield strength of the damped bracing system at first iteration ὠȟ
ᶻ  ὠȟ

ᶻ  is hence evaluated through 

the energetic equivalence of Eq. (3.12) [54]: 

  ‚ Ͻὠᶻ ‚Ͻὠᶻ ‚ Ͻὠȟ
ᶻ  (3.12) 

where ‚ is defined through Eq. (3.6). The introduction of the damped brace in parallel with the main frame 

yields an increase of ὠȟ
ᶻ  of the total strength of the combined system F + DB at the target displacement 

Ὠᶻ. 

The bilinear curve of the equivalent SDOF model of the retrofitted structure is constructed and plotted in 

Ὓ Ὓ coordinates to check if the identified damped brace is appropriate. The ultimate displacement of the 

upgraded capacity curve is equal again to the target displacement Ὠᶻ, while the correspondent base shear 

force is ὠȟ
ᶻ ὠᶻ ὠȟ

ᶻ . The new equivalent SDOF Frame + Damped brace (F + DB) system is 

characterized by an equivalent viscous damping 
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‚
ᶻᶻ ᶻ ȟ

ᶻ

ᶻ
ȟ
ᶻ

 υ and by an effective stiffness and an effective period equal to  

ὑ
ȟ
ᶻ

ᶻ

ᶻ  and Ὕ ς“ , respectively. The spectral displacement for the considered damping 

ratio is determined as Ὓ Ὕ Ƞ‚  and checked against the target displacement Ὠᶻ. If 

Ὓ Ὕ Ƞ‚ Ὠᶻ ȾὨᶻ ‐ (with ‐ sufficiently small, e.g. 0.05), the process ends and the properties of 

the damped bracing systems at each floor are determined in the next step, otherwise the iteration continues 

until the difference between Ὠᶻ and Ὓ Ὕ Ƞ‚  (Ὥ = number of iteration) is sufficiently small, Figure 

3-6. 

At the ith iteration, the shear force at the target displacement Ὠᶻ is updated as ὠȟ
ᶻ ὠᶻ ὠȟ

ᶻ , and 

the equivalent viscous damping ratio of the equivalent SDOF Frame + Damped brace (F + DB) system is 

determined from Eq. (3.13): 

  
‚

‚Ͻὠᶻ ‚ Ͻὠȟ
ᶻ

ὠᶻ ὠȟ
ᶻ

 
(3.13) 

The effective stiffness and the effective period are ὑ
ȟ
ᶻ

ᶻ

ᶻ  and Ὕ ς“ , respectively. The 

required effective viscous damping at the  ith iteration is calculated according to Eq. (3.8) and is equal to 

‚ ρπϽ ᶻ υ (%), where Ὠ  Ὓ Ὕ Ƞ‚ υϷ. The strength of the equivalent SDOF damped 

brace is eventually calculated via Eq. (3.14), where the unknown quantity is ὠȟ
ᶻ ὠȟ

ᶻ  

 ‚ Ͻὠᶻ ὠȟ
ᶻ ‚Ͻὠᶻ ‚ Ͻὠȟ

ᶻ  (3.14) 
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Figure 3-6: Graphical procedure for design of the damped braced structure [48] 

3.2.5 Evaluate the Damped Brace distribution along the Frame height 

Once the properties of the equivalent SDOF damped brace are determined, their distribution across the 

stories of the structure is performed on the basis of a proportionality criterion ([16]-[22]). 

The method uses, as input parameters, the yield properties (strength ὠ  and displacement Ὠ ) of the 

equivalent SDOF damped brace and the components ‰ of the eigenvector associated to the first mode of 

vibration of the main frame. At each floor the properties of the braces equipped with hysteretic dampers are 

determined via Eq. (3.15) ï (3.18), see Figure 3-7. 
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here ὔ  and ὑ  represent the strength and stiffness of the single damped brace installed at the ith floor, 

where ὲ  is the total number of dampers per floor chosen by the designer. At each floor, the damped braces 

are tuned in order to guarantee that the mode shape of the braced frame matches the first mode shape of the 

as-built structure [18], [19], [35].  If the frame remains elastic, the deformation remarks its fundamental 
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mode shape, ensuring the same inter-story drift distribution [35]. It must be noted that Equations (3.17) and 

(3.18) which are used to calculate the properties of the individual damped brace refer to the diagonal 

configuration shown in Figure 3-7, but can be easily modified to adapt to other configurations, such as 

chevron, upper toggle, etc. 

 

Figure 3-7: Quantities for design of diagonal braces with hysteretic dampers [48] 

It is worthnoting that the distribution method requires, as input variable, the number of damped braces at 

every story. This choice depends ultimately on the designer, who has to takle both architectural demands 

related to, e.g., the invasiveness of braces in facades, and economic issues related to local strengthening of 

columns and beams subjected to increase in internal forces due to the actions transmitted by the braces [58].  
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3.3. Application of the design procedure 

The design method presented in Section 2 is applied to two case-study structures. The first structure is an 

existing 4-story reinforced concrete (RC) building located in Potenza (Italy) [28], in a medium/high seismic 

area with PGA of 2.45 m/s2, and it is assumed to be founded on soil type B with topographic factor T1. This 

structure backs to the ó80s of the last century, when seismic regulations were not yet developed and only 

gravity loads were considered for design; for this reason, it is assumed as paradigmatic of a large part of the 

Italian building stock, characterized by poor seismic details. The main dimensions of the building in plan 

and in elevation are sketched in Figure 3-8. Columns have a square section of 30x30 cm and are reinforced 

with 4ű16 longitudinal steel bars plus 2ű14 skin bars at the ground floor, and with 4ű16 longitudinal bars at 

the other floors; ű6 stirrups with 15 cm spacing are used at each floor. Beams have a rectangular section of 

30x50 cm; the longitudinal reinforcement consists of 4ű14 steel bars on top and 2ű14 on bottom at end 

sections, while the rebar is reversed in the middle of the beam. The transverse reinforcement consists of ű6 

stirrups with spacing of 15 cm at end sections and 20 cm in the middle. The concrete compressive strength 

fck is 20 MPa and the steel yield strength fyk is 375 MPa; floor masses are 86 ton at the last floor and 115 ton 

at all the other stories. Additional information is reported in reference [28]. 

      

Figure 3-8: Existing RC frame building in Potenza: elevation and plan views [48] 

The second structure is a residential 6-story RC building, designed according to the most recent Italian 

Building Code [30], which provides a similar approach to the Eurocode 8 [29]. Sketches of the building, 

with the main dimensions in plan and in elevation, are reported in Figure 3-9; structural loads and additional 

design information are reported in reference [45]. According to the assumed code, the structural frame was 

designed with seismic details for a low seismicity zone corresponding to the municipality of Pordenone, Italy 

[45], characterized by a PGA = 1.91 m/s2 and soil type B. Geometry and reinforcement of columns and 

beams are illustrated in Figure 3-10 and floor masses are reported in Table 3-1; the concrete compressive 

strength fck is 25 MPa and the steel yield strength fyk is 450 MPa.  
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In this study, the structure is upgraded to resist to higher seismic excitations corresponding to a high seismic 

area.  

 

Figure 3-9: Existing RC framed building in Pordenone: elevation and plan views [48] 

Floors ρ  ς  σ  τ  υ  φ  

Masses [ton] ςσωȢχ ςσρȢτ ςςσȢς ςςσȢς ςςσȢς ρςτȢτ 

Table 3-1: Floor masses of the existing RC framed building in Pordenone 
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Figure 3-10: Structural details of the existing RC framed building in Pordenone [45] 

Both structures are intended to fail in flexure, thus other failure mechanisms (such as shear failure of beams, 

columns or beam-column joints, bond slip and low-cycle fatigue, etc.) especially relevant to buildings 

designed according to outdated standards [57], are out of the scope of the present work. 
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For the seismic upgrade of both structures, steel braces equipped with hysteretic dampers characterized by 

an elastic-perfectly plastic behavior are used. 

 Numerical model of the RC case-study framed buildings 

Full 3-D numerical models of both buildings are formulated within the OpenSees framework [59]. Beams 

and columns are modeled using the forceBeamColumn element object [60], in the form of the 

beamWithHinges element [61], assigning a linear elastic material behavior to the internal sub-element, 

whereas non-linearities can be activated only in the two external sub-elements. The length of the plastic 

hinge ὒ  is evaluated with Eq. (3.19) in accordance with the Eurocode 8 [29], valid when a well-detailed 

confinement model of concrete is assumed [62]: 
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Ὢ
 

(3.19) 

In these plastic regions, the concrete non-linear behavior is modelled through a fiber section model, where 

each steel bar corresponds to a single fiber using uniaxial Giuffre-Menegotto-Pinto constitutive law [63], 

equivalent to Steel02 material model with isotropic strain hardening [64]. The strain-hardening ratio ὦ is 

assumed equal to 0.005 for the building in Pordenone, as specified in reference [45], and, in absence of any 

indication, equal to 0.01 for the building in Potenza [28], according to the modelling assumptions introduced 

in reference [62]. The parameters that control the transition from the elastic to the plastic branch are assigned 

as Ὑ ρψ, ὅ πȢωςυ and ὅ = 0.15 [61]. The concrete model is implemented using the library uniaxial 

material Concrete04, which is based on the model proposed by Popovics [65]; the properties of the core 

region of the sections are evaluated referring to Equations (A6 ï A8) of the Eurocode 8 [29] and the tensile 

strength of concrete is neglected in both core and cover regions [66]. It is worth mentioning that the material 

properties of the building are evaluated disregarding the confidence factors [29], [30]. In order to account 

for concrete cracking, the interior elastic sub-element is characterized by an effective area moment of inertia 

Ὅ , equal to 50% of the gross area moment of inertia Ὅ, according to the provisions of the Italian and the 

European norms [47], [30]. 

The chosen modelling approach is consistent with the design code adopted [29], [47] and has been 

demonstrated to reproduce, with enough accuracy, the seismic response of RC members characterized by 

flexural behavior [62]. 

In all models, the masses of the structural members (beams, columns, and slabs) are concentrated at the 

master nodes, dead and live loads are uniformly distributed on each beam and have been calculated according 

to the tributary area concept; P-Delta effects are considered in the analysis, while bond slip and low-cycle 

fatigue effects are disregarded. The columns at the ground floor have fixed base supports, simulating rigid 

foundations. The damping of the frame is defined according to the Rayleigh method, as a function of the 

tangent stiffness matrix only, assuming 5% viscous damping ratio, to take into account the energy dissipation 

coming from infill panels and other non modelled non-structural components [62]. 
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The floor slabs are modelled as rigid diaphragms, by constraining the nodes belonging to the same floor to 

have the same displacement. An ñaxial bufferò [66] has been introduced in the FE model, through a 

zeroLength element object [67] characterized by a virtually zero axial stiffness and very high stiffnesses in 

shear and bending, placed between one end of each beam and the adjacent node belonging to the rigid 

diaphragm. This element works as an axial release to eliminate the fictitious axial force generated by the 

interaction between beam elements modelled with fiber sections and the rigid diaphragm [66]. 

The braces equipped with the hysteretic damper are modelled as truss elements [61] with an associated 

uniaxialMaterial model with elastic-perfectly plastic behavior [67]. 

 Case-study 1: building in Potenza 

The upgrade of the RC building in Potenza is carried out considering the seismic loads provided by NTC 

[30] for life-safety limit state (SLV), site of Potenza (Long 15Á 48ô 20.1744ôô, Lat 40Á 38ô 25.4688ôô), 

functional class cu = II, PGA = 2.45 m/s2, soil type B and topographic factor T1. Diagonal steel braces 

equipped with hysteretic dampers are inserted in the perimetral frames of each story, according to the layout 

shown in Figure 3-11. 

 

Figure 3-11: Diagonal layout of steel braces equipped with hysteretic dampers for case-study 1 building; the dissipative braces are 

installed in the perimetral frames [48] 

NLSAs are performed in both positive and negative directions of the two horizontal (X and Z) axes, applying 

horizontal force distributions proportional to either mass (referred hereinafter as UNIFORM) or modal 

(MODAL) properties, and considering 5% accidental eccentricity of the center of mass of each story, as 

prescribed in [30] and [47]. The MODAL capacity curve is the lowest in both directions (Figure 3-12) and 

is used to evaluate the main parameters of the equivalent SDOF systems, Eqs.(3.1) ï (3.6) .  

Since the building, designed in accordance with updated codes, is missing of seismic details, the hysteretic 

damper system is designed with the aim of keeping the main frame in the elastic range, limiting as much as 

possible structural damage. The target inter-story drift ratio is set to Ў  πȢππυ άȾά, corresponding 
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through Eq. (3.5b) to the target displacement Ὠ πȢπτυ ά of the MDOF structure (Ὤ = 3.0 m, ‏ȟ  = 

0.3306), and Ὠᶻ = 0.036 m of the equivalent SDOF system, respectively (Figure 3-12). The equivalent 

bilinear capacity curves of the main frame in the two horizontal directions are then calculated according to 

Section 3.2.2 (Table 3-2). At the selected performance point the equivalent viscous damping ratio of the 

main frame is quite negligible (Table 3-2).  

 

Figure 3-12: Determination of capacity curves in X- and Z- direction [48] 
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Table 3-2: Properties of the equivalent SDOF system and bilinear capacity curves of case-1 structure in the two horizontal 

directions [48] 

The design procedure described in Section 3.2 is separately applied to both X- and Z- directions: the bilinear 

capacity curve of the equivalent SDOF model is represented in ADRS format (Figure 3-2) and the effective 

viscous damping ratio at first iteration ‚  is determined by applying the Eq.(3.9). 

The ductility of the equivalent damped brace system ‘  is the design input. As the ductility factor for 

hysteretic steel dampers typically ranges between τ and 10 [31], the upper and lower boundaries of the range, 

namely ‘ τ and ‘ ρπ, are investigated. According to Eq.(3.11), the two ductility factors 

correspond to equivalent viscous damping ratios ‚ τχȢψϷ and ‚ υχȢσϷ, respectively.  

The bilinear curve of the equivalent SDOF Frame + Damped brace system in either horizontal direction is 

plotted in the ADRS plane to check if the identified damper is appropriate for the RC case-study frame 
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(Figure 3-13). Step 4 of the procedure is iterated until the inelastic displacement of the equivalent SDOF 

braced structure converges to the target displacement Ὠᶻ with Ů < 0.05. As shown in Figure 3-14, 

convergence is always achieved within three iterations.  

 

Figure 3-13: Equivalent capacity curves in X-direction of the main Frame (F) and Frame + Damped brace (F + DB) system with 

‘ ρπ and relevant demand response spectra [48] 

 

Figure 3-14: Iterative procedure for tuning the equivalent SDOF damped brace: damper yield strength vs. iteration number [48] 

The damped brace system is distributed along the height of the frame in accordance with the method 

illustrated in Section 3.2.5 (hereinafter called Method A). However, in order to highlight the effects of the 

damper distribution on the frame response, a second method described in literature ([28], [31]and [32]), 

named Method B, has been investigated as well. 

By referring to the layout shown in Figure 3-11, with 4 dampers per story in each direction, the resulting 

strength and stiffness of the dissipating braces calculated with either method are reported in Table 3-3. 

  



3 Design procedure for the seismic retrofit of RC framed structures  

120 

  ‘ τ ‘ ρπ 

Direction ▼◄▫►◐ 
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τ  ςςȢρς ςτȢυ ρφ ρψȢς τχȢφ ςρȢρ στȢσ ρυȢφ 

Table 3-3: Case-study 1: properties of the damped braces for two assigned ductility factors [48] 

For both ‘ ί, the recommended Method A provides the highest values of strength and stiffness of the 

damping braces. By considering, e.g., the X-direction, the ratio between the stiffnesses determined according 

to either Method A or B varies from 1.08 at the first floor to about 1.40 at the fourth floor, and the ratio 

between the strengths varies from 1.65 at the first floor to 1.35 at the fourth floor. These figures do not 

change regardless of the damper ductility. Higher strengths are associated to ‘ τ than to ‘ ρπ in 

order to counteract the lower dissipation capacity. 

Figure 3-15 compares in the ADRS plane the capacity curves of the upgraded building for ‘ τ (Figure 

3-15 (a)) and ‘ ρπ (Figure 3-15 (b)); similar results are obtained along the Z-direction and not reported 

for conciseness. 
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a)  b)  

Figure 3-15: Comparison of capacity curves in X-direction for different damped brace ductility: a) ‘ τ ; b) ‘ ρπ [48] 

The design target is met by the upgraded frame for either value of ‘ . However, regardless of ‘ , the 

capacity curve of the structure upgraded according to Method A shows a stiffer response, and the 

performance point is characterized by a higher force at a smaller displacement, than its Method B 

counterpart.  

NLSAs evaluate the response of the retrofitted structure in terms of global quantities only, such as the total 

base shear force and the displacement of the reference point, but do not provide any check on local quantities, 

like, e.g., drifts and forces at each story, and the damping capacity of the dissipating brace system inserted 

in the structure. To have a deeper insight, bidirectional non-linear dynamic analyses (BNLDAs) are 

performed in compliance with the NTC [30] and EC8 [47] considering two sets of seven artificial ground 

motions generated using the computer code SIMQKE [68]. The artificial accelerograms  are characterized 

by a pseudo-stationary part of 10 sec and a total duration of 25 seconds as prescribed in [30], and are 

compatible on average with the elastic spectrum defined by the code [30] in the range of periods between 

0.15 and 2 sec.  

At the end of the BNLDAs, the response of the case-study structure has been evaluated considering 

engineering demand parameters such as absolute accelerations and inter-story drifts, which are commonly 

considered the main parameters to appraise the performance of frame structures and the effectiveness of the 

retrofitting technique. During the post-processing of the analysis, the mean value of the maxima of the 

parameters calculated for the seven pairs of bidirectional accelerograms has been evaluated for each 

direction. Figure 3-16 - Figure 3-19 show the numerical results in terms of maximum inter-story drift ratio 

ῳ and maximum Peak Floor Acceleration ὖὊὃ at each story, comparing the as-built configuration to the 

retrofitted configurations with dissipating braces distributed according to either Method A or Method B, and 

considering either ‘ τ or ‘ ρπ. The maximum values of ῳ and ὖὊὃ may not occur at the same 

time step of the analysis. 

Figure 3-16 and Figure 3-18 show that inter-story drift ratios ῳ drastically decrease when the damped braces 

are introduced. The damper distribution according to Method A produces at each floor, in either direction 

and for both values of ‘ , maximum ῳ values smaller than 0.5%, which is the design target drift ratio. In 

contrast, if Method B is adopted, ῳ exceeds the specified limit at the second floor in the Z-direction for both 
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‘ ί (ῳ = 0.0056 for ‘ τ and  ῳ = 0.0052 for ‘ ρπ, Figure 3-16 and Figure 3-18). As expected 

[35], ὖὊὃ increases in the braced structure (Figure 3-17 and Figure 3-19), and the increase is higher for the 

stiffer distribution following Method A: e.g., at the fourth floor ὖὊὃ in X-direction grows by either 12.6% 

with Method B or 28.4% with Method A, considering ‘  = 4, while the increase is either 7.4% or 9.16%, 

respectively, with ‘  = 10. The amplification of ground acceleration decreases by increasing the damping 

capacity of the dissipation system. 

   

Figure 3-16: Comparison of maximum inter-story drift ratio ῳ obtained by BNLDA with and w/o damped braces with ‘ τ 

[48] 

     

Figure 3-17: Comparison of maximum Peak Floor Acceleration ὖὊὃ obtained by BNLDA with and w/o damped braces with 

‘ τ [48] 

     

Figure 3-18: Comparison of maximum inter-story drift ratio ῳ  obtained by BNLDA with and w/o damped braces with ‘ ρπ 

[48] 








































































































































