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Abstract 1 

This paper presents a simple and affordable design procedure for the seismic upgrade of frame 2 

structures equipped with hysteretic dampers. The proposed framework is aimed at leading the 3 

designer to proportion the damper device(s)) in order to achieve a desired structural performance 4 

level. According to the method, the  structural system composed by frame and dampers is replaced 5 

by an equivalent Single Degree of Freedom (SDOF) system, characterized through its secant stiffness 6 

and equivalent viscous damping, both defined in relation to a “performance point” which is assigned 7 

on the basis of the allowable damage of the frame and on the first mode deformation of the main 8 

structure. The global stiffness and strength of the equivalent SDOF system are then distributed along 9 

the height of the frame according to a stiffness-proportionality criterion, and the properties of the 10 

damper units are calculated depending on the chosen layout. Two case-studies relevant to as many 11 

reinforced concrete frames are provided to demonstrate the effectiveness of the suggested procedure, 12 

obtaining a satisfactory agreement between the design target and numerical capacity curves. Non-13 

linear dynamic analyses are further performed to assess the reliability of the methodology. 14 

 15 
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1. Introduction 1 

Supplemental energy dissipation in structures is typically achieved by incorporating energy 2 

dissipation devices, commonly referred to as dampers, intended to absorb much of the earthquake 3 

input energy thus eliminating or limiting the damage to the structural frame. It is noteworthy that, if 4 

necessary, energy dissipation devices can be easily replaced at the end of the seismic event [1]. 5 

Current dampers can be classified in two categories [1]:  (i) viscous dampers, which provide 6 

dissipation through the lamination of a viscous fluid forced to pass through an orifice or a valving 7 

system, and whose behavior mainly depends on the velocity; and (ii) hysteretic dampers, whose 8 

behavior mainly depends on the imposed displacement, and which are further classified into 9 

hysteretic steel dampers, friction dampers and metal extrusion dampers, depending on the energy 10 

dissipation mechanism. 11 

A common practice for the seismic upgrade of existing structures using supplementary energy 12 

dissipation systems consists in determining the size and the suitable location of the dissipation units 13 

within the building starting from a trial configuration based on the engineer’s expertise and assessing 14 

the retrofitted structure through dynamic or static analyses [2]. The properties and/or the number of 15 

the added dissipation units are iteratively changed until the target performance is reached. It is evident 16 

that this trial-and-error approach can be a laborious task. 17 

Several procedures have been proposed in recent years for the design of supplementary energy 18 

dissipation systems and some of them are based on the Direct Displacement-Based Design (DDBD) 19 

method [3]. In the DDBD approach [4], a target displacement demand is defined and related to a 20 

given inter-story drift that a structure should achieve when subjected to the design earthquake. Based 21 

on the target displaced configuration, a “substitute” SDOF model is defined and used to replace the 22 

multi-degree of freedom (MDOF) structure. The substitute SDOF model consists of an equivalent 23 

linear system, characterized by an effective (secant) stiffness and an effective energy dissipated, 24 

represented through an equivalent damping ratio. The design displacement of the equivalent SDOF 25 

structure is used in combination with the design displacement response spectrum, to determine the 26 
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effective period of the substitute structure and, in turn, its effective stiffness. The design base shear 1 

is then obtained as the product of the design displacement of the SDOF system and its secant stiffness 2 

[5]. Over the years, this approach has been implemented to design new structures and efforts have 3 

been made by several authors to adapt the DDBD method to the design and retrofit of structures 4 

equipped with dissipating devices [5]-[12], by incorporating an equivalent viscous damping term 5 

proportional to the energy dissipation provided by the dampers [3]. It is also worth mentioning the 6 

procedure described by Levy et al. [13] who use an equivalent SDOF system to obtain the optimal 7 

period of the braced structure by performing a full non-linear dynamic analysis for a set of recorded 8 

ground motions. 9 

Kim and Choi [2] applied the general procedure of the DDBD documented in the SEAOC Blue Book 10 

[14] in reverse order for evaluating the seismic performance of an existing structure. In principle the 11 

procedure is similar to the Capacity Spectrum Method [15], in that the design performance point is 12 

determined as the point where the displacement demand of the earthquake equals the plastic 13 

deformation capacity of the structure. However, the displacement response spectrum instead of the 14 

acceleration-displacement response spectrum (ADRS) is used, and the required damping is calculated 15 

as the difference between the total effective damping needed to meet the target displacement and the 16 

equivalent damping provided by the structure at the target displacement. For viscous dampers the 17 

design process ends here, while for dampers with stiffness, such as viscoelastic or hysteretic dampers, 18 

iterations are required because the introduction of the devices increases the stiffness of the system as 19 

well. In that case, the capacity curve of the structure needs to be redrawn considering added dampers, 20 

and the process is repeated until convergence. 21 

Mazza and Vulcano [16]-[18] developed a building retrofit procedure according to the Performance-22 

Based Design in order to achieve, for a given seismic intensity level, a specified performance 23 

objective, for example an assigned level of damage of either the structural or non-structural elements. 24 

The procedure aims at controlling the inter-story drifts of the building and, in particular, a 25 
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proportional stiffness criterion, which assumes the elastic lateral story-stiffness due to the dissipating 1 

braces (𝐾𝐷𝐵) proportional to that of the unbraced frame (𝐾𝐹), is combined with the DDBD method, 2 

in which the design starts from the target deformation. In this iterative approach, the ratio 𝐾𝐷𝐵/𝐾𝐹 is 3 

assigned depending on the strength of the unbraced frame and on the protection level expected for 4 

the building, and is kept constant at each story throughout the whole procedure. Though initially 5 

conceived for essentially regular structures, it has been extended to in-elevation irregular framed 6 

structures ([19], [20]) and unsymmetric-plan structures ([21], [22]).   7 

Lin at al. [23] adapted their original method, initially formulated for the design of new and regular 8 

buildings equipped with generic energy dissipation systems [6], to retrofit existing buildings using 9 

non-linear viscous dampers based on the concept of equivalent linear system.  In this method, the 10 

location and properties of the dampers need to be established at the beginning of the process. Londono 11 

et al. [24] provided an additional tool, complementary to conventional damper design strategies, that 12 

can be used to calculate the stiffness required by the supporting brace to provide the specified 13 

effectiveness of the damping action. Raju and Iyer [25] developed a methodology useful for finding 14 

the capacity and the distribution of viscous fluid dampers fitted in different mechanisms (specifically 15 

in chevron, upper toggle and scissor jack mechanisms) located in buildings.  16 

Bergami and Nuti [26] developed a general procedure, valid for any typology of dissipative brace, 17 

intended to achieve the following performance objectives: (i) protect the structure against structural 18 

damage or collapse; (ii) avoid non-structural damage; and (iii) avoid excessive base shear. This 19 

DDBD approach is based on the Capacity Spectrum Method [27] and consists of an iterative 20 

procedure where the capacity curve of the braced structure is evaluated at each iteration step 21 

considering the different contributions of the as-built structural frame and of the damped brace 22 

systems. The desired performance of the structure is selected as the target displacement corresponding 23 

to a selected limit state for a given seismic action, and the additional damping introduced from the 24 
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dissipative brace system is estimated as the difference between the total damping required to achieve 1 

the performance point, and the hysteretic damping of the structure without braces. 2 

Di Cesare and Ponzo [28] focused on steel hysteretic brace systems and proposed an iterative 3 

procedure intended to control the maximum inter-story drifts, by regularizing the stiffness and 4 

strength along the height of the braced building according to the regularity criteria provided by 5 

seismic codes (e.g. [29], [30]). This method has found applications in some recent publications ([31], 6 

[32]). 7 

Barbagallo et al. [33] focused on the retrofit of existing reinforced concrete (RC) frame buildings 8 

using Buckling Restrained Braces (BRBs). The authors highlighted that all the procedures in the 9 

literature do not allow a direct control of drift demand; for this reason, they proposed an iterative 10 

method, consistent with the prescriptions of Eurocode 8 (EC8) [29], to determine the size of BRBs at 11 

each story. Differently from the previous methods, this approach operates on the MDOF system (not 12 

on the substitute SDOF) and the non-linear static analysis is performed only to evaluate the internal 13 

force of the frame members. 14 

Ferraioli and Lavino [3] identified some critical aspects common to all the previous methods:  (i) the 15 

frame-damped brace interaction is neglected, as no method considers the increase of the axial force 16 

in the frame columns and the consequent reduction of the deformation capacity; (ii) the proportional 17 

stiffness criterion commonly adopted to distribute the damper properties along the height of the frame 18 

may produce a non-uniform distribution of peak story drift under earthquake ground motions, not 19 

preventing soft-story mechanisms. Moreover, the existing methods generally include only the first 20 

mode contribution, neglecting the influence of higher modes in the response of MDOF elastoplastic 21 

systems, and in case of asymmetric-plan buildings the behavior of the RC bare frame is dominated 22 

by the torsional effects, which disappear when the damped braced structure is analyzed. For this 23 

reason, the authors divided their procedure in two phases: in the first phase, a preliminary design of 24 

the dissipative braces is conducted, and relevant properties and position are determined according to 25 
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the method of Mazza and Vulcano [18]; in the second phase, the Displacement-based Adaptive 1 

Pushover (DAP) [34] is carried out and an adaptive version of the Capacity Spectrum Method is 2 

developed (starting from the classical version of Fajfar [27]), in order to overcome the assumptions 3 

that the structure vibrates predominantly in a single mode and that the dynamic properties of the 4 

structure remain unchanged after the insertion of the braces. 5 

Recently, Nuzzo et al. [35], [36] proposed a procedure, similar to the one of Bergami and Nuti [26], 6 

valid for design and retrofit of frame structures equipped with hysteretic dampers, taking into account 7 

the flexibility of the supporting brace, usually provided to connect the device to the external frame. 8 

However, differently from reference [26], the pushover analysis is performed only at the beginning 9 

of the procedure in order to define the capacity curve of the bare frame, while in the following steps, 10 

the capacity curve of the braced frame is evaluated by means of simple analytical equations.  11 

Some authors proposed simplified procedures to directly determine the characteristics of the 12 

supplementary energy dissipation systems avoiding iterations. Diotallevi et al. [37] focused on non-13 

linear viscous dampers and based the retrofit procedure on a new dimensionless parameter, called 14 

damper index, which has been introduced in the equations of motion. This method was later extended 15 

by Landi et al. [38] to include the case of structures exceeding the elastic limit. 16 

Other authors decided to adopt energy-based methods. Silvestri et al. [39] and Palermo et al. [40] 17 

proposed a 5-steps energy-based procedure for the dimensioning of viscous dampers, starting from 18 

the practical indications given by Christopoulos and Filiatrault [1]. The method is direct, no iterations 19 

are needed, and it does not require to introduce fictitious springs, since only the additional damping 20 

is considered; differently from the other procedures, this method requires the application of time 21 

history analyses instead of pushover analyses.     22 

Durucan and Dicleli [41] proposed an iterative energy-based approach to upgrade the performance of 23 

seismically vulnerable RC buildings. The methodology is based on the equal energy dissipation 24 

principle, whereby the energy dissipated by an elastic system can be assumed to be equal to that 25 
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dissipated by an identical (non-linear) system that yields at a certain lateral force level. The difference 1 

between the areas under the elastic and inelastic base shear force vs. roof displacement curves is the 2 

required additional energy that needs to be absorbed by the retrofitting system.  3 

Terenzi [42] improved the method originally proposed [43], focusing on the retrofit of RC structures 4 

upgraded with fluid viscous dampers. This approach does not require any preliminary evaluation of 5 

the input energy demand and is intended only for relatively stiff frame structures, where the seismic 6 

performance can be enhanced by incorporating a supplementary damping system with limited 7 

stiffness capacity. 8 

Finally, De Domenico et al. [44] presented a deep review of different design strategies for the 9 

protection of buildings using fluid viscous dampers, concluding that energy-based design strategies 10 

provide the best method to define the optimal damper distribution in the building, and permits a global 11 

control of the seismic response including displacements, accelerations, forces and energy-specific 12 

quantities. 13 

As a matter of fact, most of the methods presented above are not straightforward and nowadays many 14 

practitioners still have little confidence in supplementary energy dissipation strategies, especially for 15 

applications to ordinary constructions where simple and affordable methods may foster the adoption 16 

of seismic mitigation strategies based on damper technology. The present study proposes an effective 17 

and easy to use procedure for the seismic upgrade of existing frame structures by means of hysteretic 18 

damped braces. The procedure is suitable for professional applications and consists of two main parts: 19 

(i) a simple method to define the global properties of the damped brace system, described by means 20 

of an equivalent SDOF system; and (ii) a strategy to determine the distribution of the properties of 21 

the equivalent SDOF damped brace along the height and across each floor of the structure.  22 

The procedure to calculate the global properties of the energy dissipation system is based on the 23 

Capacity Spectrum Method [15][27]. Similarly to the method [35], the capacity curve of the main 24 

frame is determined at the beginning of the process via non-linear static analysis (NLSA), while the 25 
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capacity curve of the braced frame is defined by simple analytical equations, thus providing an 1 

iterative procedure that converges in few steps and that can be implemented in a spreadsheet.   2 

The second part of the procedure is focused on distributing the effective properties of the damped 3 

brace system along the height and across the stories of the building. A method, derived from the 4 

literature and based on the principle of distributing the stiffness and strength proportionally to the 5 

stiffness of each floor calculated via dynamic analysis is presented. Finally, the properties of the 6 

dissipation braces at each floor are determined accounting for the actual number and layout of the 7 

devices. 8 

The ease and effectiveness of the method is illustrated analyzing two RC buildings. The first structure 9 

is an existing 4-story frame building located in a medium/high seismic area and designed according 10 

to outdated standards [28], which needs to be retrofitted to comply with the performance requirements 11 

of the most recent Italian norm [30]. The second structure is a residential 6-story building, designed 12 

according to the current Italian Building Code [30] for a low seismicity zone [45], which is upgraded 13 

to resist higher seismic excitations corresponding to a high seismicity area. Both structures are 14 

supposed to fail in flexure and specific issues, typical of existing buildings (namely, shear failure of 15 

beams, columns, or beam-column joints) are not taken into account in the numerical models.  16 

The procedure is applied to the two case-studies and illustrated step by step, discussing the main 17 

results. The effects of the distribution of the damper properties at the various floors are also 18 

highlighted by examining, as an alternative to the method recommended in the procedure, a second 19 

procedure available in the literature. Non-linear static and dynamic analyses (NLSA and NLDA) are 20 

eventually performed.  21 

It must be finally mentioned that, though the case-studies presented in the paper refer to RC structures, 22 

the procedure herein proposed has been formulated for conventional, flexible framed structures and 23 

is applicable to steel structures as well.  24 
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2. Design Procedure of the Damped brace System 1 

This section presents a design methodology for the upgrade of an existing structure via hysteretic 2 

dampers, to achieve the specified performance level. The design procedure is based on the Capacity 3 

Spectrum Method [46]: the required performance is expressed in terms of a target displacement 4 

demand, associated to the acceptable damage to the main frame, and the structural response is 5 

obtained by reducing the demand response spectrum as a function of the additional damping 6 

introduced by the supplementary energy dissipation. Iterations are required since the addition of 7 

braces increases the stiffness of the system and the capacity curve has to be continuously updated as 8 

the characteristics of the damped braces are defined.  9 

The procedure is applicable to frame buildings equipped with hysteretic dampers with behavior 10 

dependent solely on the axial deformation, and insensitive to velocity. The non-linear response of the 11 

bare structure is initially estimated by performing a pushover analysis on the multi-degree of freedom 12 

(MDOF) frame and then idealized as the bilinear curve of an equivalent single-degree of freedom 13 

(SDOF) system, as prescribed in Eurocode 8 – Part 1 [47]. The equivalent SDOF unbraced frame (F) 14 

and the damped brace (DB) systems are considered as bi-linear springs working in parallel, providing 15 

the equivalent response of the combined Frame + Damped Brace (F+DB) system, Figure 1. 16 

 17 

Figure 1: Rheological model of the unbraced frame, the damped brace and the combined braced 18 

frame systems 19 

The theoretical force–deflection curve of a hysteretic damper is shown in Figure 2, where 𝑁𝐷 is the 20 

output force, 𝑑𝐷 is the axial deflection, 𝑁𝑦𝐷 and 𝑑𝑦𝐷 are the yield force and yield deflection of the 21 
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device, 𝑁𝑢𝐷 and 𝑑𝑢𝐷 are the ultimate force and deflection, and 𝑟 ≥  0 is the hardening parameter; 1 

the area enclosed in the hysteresis loop corresponds to the energy dissipated by the damper during a 2 

cycle. 𝐾𝐷 = 𝑁𝑦𝐷/𝑑𝑦𝐷 is the initial or elastic stiffness and 𝐾2,𝐷 = 𝑟 𝐾𝐷 is the post-yield stiffness. 3 

Hysteretic dampers can have either a hardening behavior with positive post-yield stiffness (𝑟 >  0), 4 

or an elastic-perfectly plastic behavior (𝑟 = 0), which provides an output force independent on the 5 

accommodated deflection [48].  In the description of the procedure, hysteretic dampers with elastic-6 

perfectly plastic behavior are assumed, but the method can be generalized to dampers with any 𝑟 ≥7 

 0. 8 

 9 

Figure 2: Theoretical force – deflection diagram of hysteretic dampers 10 

The method is developed in the acceleration-displacement response spectrum (ADRS) space and the 11 

DB capacity curve is obtained as the difference between the capacity curve of the F+DB system 12 

achieving the target displacement, and the capacity curve of the main frame F.  Then, the mechanical 13 

properties of the identified equivalent SDOF damped brace are distributed at each story according to 14 

a proportionality criterion with respect to the first mode properties of the unbraced frame. 15 
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The design procedure, which consists of 5 steps, is schematically shown in the flowchart in Figure 3 1 

and detailed through the following sub-sections, each one corresponding to a single step of the 2 

framework.  It is necessary to recall that a pre-requisite for the application of the procedure is that the 3 

behavior of the frame building is governed by the first mode, which legitimates the condensation of 4 

the MDOF structure to the equivalent SDOF system. 5 

  6 
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 1 

 2 

 3 

  4 

                                                                   5 

Figure 3: Flowchart of the proposed procedure 6 
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2.1 Define the capacity curve of the Main Frame 1 

In the first step of the procedure, the capacity curve of the as-built structure is evaluated via a non-2 

linear static analysis: the structural frame is statically loaded with gravity loads combined with a set 3 

of lateral forces to calculate the relationship between the lateral force and the lateral displacement of 4 

a suitable point of the structure, e.g., the center of mass of the roof. According to the prescriptions of 5 

[47], two lateral load distributions are considered: a uniform pattern, proportional to the floor masses 6 

𝑚𝑖 (with 𝑖 = 1 ÷ 𝑛, where 𝑛 is the total number of floors) and a modal pattern, obtained multiplying 7 

the first mode eigenvector components 𝜙𝑖 by the corresponding floor masses 𝑚𝑖. The load 8 

distributions are applied in both the positive and negative direction of each axis, considering 5% 9 

accidental eccentricity of the center of mass of each story [47]. For each load distribution the relevant 10 

base shear force vs. roof displacement (𝑉𝐹 − 𝑑𝐹) curve is calculated, and the lowest curve is taken as 11 

the capacity curve of the main (unbraced) structure. 12 

The 𝑉𝐹 − 𝑑𝐹 capacity curve of the MDOF structure is then converted to the 𝑉𝐹
∗ − 𝑑𝐹

∗  capacity curve 13 

of the equivalent SDOF system through the modal participation factor 𝛤 (Eq. 1) [27], [47]. The 14 

displacement 𝑑𝐹
∗

, the force 𝑉𝐹
∗
 and the mass 𝑚∗ of the equivalent SDOF system are determined via 15 

equations (2) – (4): 16 

  
𝛤 =

∑ 𝑚𝑖𝜙𝑖
𝑛
𝑖=1

∑ 𝑚𝑖𝜙𝑖
2𝑛

𝑖=1

 
(1) 

 
𝑑𝐹

∗ =
𝑑𝐹

𝛤
 

(2) 

 
𝑉𝐹

∗ =
𝑉𝐹

𝛤
 

(3) 

 
𝑚∗ = ∑ 𝑚𝑖𝜙𝑖

𝑛

𝑖=1

 
(4) 
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2.2 Identify the target displacement and define the equivalent bilinear capacity curve of the Main 1 

Frame 2 

The target displacement 𝑑𝑝 of the structure is identified depending on the required level of 3 

performance in accordance with the assumed design code. By referring to, e.g., the Italian Building 4 

Code (IBC) [30], the target displacement 𝑑𝑝 can be chosen in order to fulfill the limits recommended 5 

in Table 7.3.III of IBC for the protection of both structural and non-structural elements. For example, 6 

depending on the considered limit state, the target displacement limiting damage to non-structural 7 

elements corresponds to a maximum inter-story drift ratio 𝛥𝑑 ranging between 0.5% and 0.75% [35]. 8 

In order to fit the required performance at each story, the lateral displacement at the top of the frame 9 

is bound to match the target displacement 10 

  
𝑑𝑝 = 𝑚𝑖𝑛

∆𝑑 ∙ ℎ𝑖

𝛿𝑖
 

(5a) 

where ∆𝑑 is the target inter-story drift ratio, ℎ𝑖 is the height of the ith story, and 𝛿𝑖 = (𝜙𝑖 − 𝜙𝑖−1). 11 

The product ∆𝑑 ∙ ℎ𝑖 represents the target drift of the ith story, while 𝛿𝑖 is the difference between the 12 

first mode eigenvector components of the adjacent stories.  If the inter-story height is uniform, i.e., 13 

ℎ𝑖  =  ℎ0 for i = 1, … n (n = number of stories), then Equation (5a) can be simplified as   14 

  
𝑑𝑝 =

∆𝑑 ∙ ℎ0

𝛿𝑚𝑎𝑥
 

(5b) 

with 𝛿𝑚𝑎𝑥 = 𝑚𝑎𝑥(𝜙𝑖 − 𝜙𝑖−1). 15 

By setting the ultimate displacement of the as-built structure equal to the identified target 16 

displacement 𝑑𝑢 = 𝑑𝑝, the ductility of the main frame is defined as 𝜇𝐹 = 𝑑𝑝/𝑑𝑦 where 𝑑𝑦 is the yield 17 

displacement of the frame. Obviously, if the target is that the structure remains in the elastic range, 18 

𝜇𝐹 = 1.  19 

Once the target displacement 𝑑𝑝 (and the corresponding base shear force of the main frame 𝑉𝑝
𝐹 ) is 20 

assigned, the bilinear curve of the equivalent SDOF system is evaluated in accordance with reference 21 
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[26] and clause C.7.3.4.2 of reference [50]. Such equivalent bilinear curve is defined by three 1 

conditions, namely: (i) same initial stiffness as the initial stiffness of the MDOF capacity curve, (ii)  2 

crossing of the performance point (𝑑𝑝
∗ , 𝑉𝑝

∗𝐹
) where 𝑑𝑝

∗  =  𝑑𝑝/𝛤 and 𝑉𝑝
∗𝐹

 =  𝑉𝑝
𝐹/𝛤, and (iii) 3 

equivalence of areas A1 and A2 between the two curves, as shown in Figure 4. 4 

 5 

Figure 4: Definition of the equivalent bilinear curve according to [50] 6 

Through the equivalent bilinear curve, the SDOF system is characterized by an equivalent secant 7 

stiffness 𝐾𝐹
∗ = 𝑉𝑝

∗𝐹
/𝑑𝑝

∗  and an equivalent viscous damping ratio 𝜉𝐹 (in percent) defined as in [49], 8 

[50]:  9 

  
𝜉𝐹 =  

𝜅𝐹  ∙ 63.7 ∙ (𝑉𝑦
∗𝐹

 𝑑𝑝
∗ − 𝑉𝑝

∗𝐹
 𝑑𝑦

∗𝐹
)

𝑉𝑝
∗𝐹

 𝑑𝑝
∗

 +  5  
(6) 

where parameter 𝜅𝐹 accounts for the energy dissipation capacity of the bare structure and can be taken 10 

as 1.0 for structures with high damping capability (providing wide and stable hysteresis loops), 0.66 11 

for structures with moderate damping capability (with moderate change of the hysteresis loops) and 12 

0.33 for structures with low damping capability (with hysteresis loops affected by substantial 13 

pinching and decrease of area) [15]. On the right side of Eq. (6) the first term represents the 14 
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contribution of the inelastic deformation of the frame to the total equivalent damping, and the second 1 

term is the 5% inherent viscous damping of the structure. Though in the current literature the damping 2 

ratio to be considered in NLTH analyses of both RC and steel structures is estimated in the range of 3 

0.5% to 2% [51]-[54], a 5% value is chosen in order to take into account the energy dissipation coming 4 

from possible infill panels or other non modelled non-structural components. 5 

2.3 Check the displacement for the relevant 𝜉𝐹 6 

The equivalent bilinear capacity curve 𝑉𝐹
∗ − 𝑑𝐹

∗  is converted into the capacity spectrum in the 7 

acceleration-displacement response spectrum (ADRS) space, where the spectral coordinates are 8 

defined as 𝑆𝑎 = 𝑉∗𝐹/𝑚∗ (acceleration in 𝑚/𝑠2) and 𝑆𝑑 = 𝑑𝐹
∗  (displacement in m).  9 

The seismic action for the considered performance level is defined in terms of acceleration – 10 

displacement response spectra corresponding to different damping levels. For example, a 2% to 5% 11 

damped response spectrum is generally used to represent the demand when the structure responds as 12 

linearly-elastic, while higher damped response spectra are used to account for the hysteretic non-13 

linear structural response of the system. To develop damped demand spectra, Equations (7.a) and 14 

(7.b) [47] are used in the procedure 15 

  

𝑆𝑎(𝑇;  𝜉) = 𝑆𝑎(𝑇;  𝜉 = 5%) √
10

5 + 𝜉
 

(7.a) 

  

𝑆𝑑(𝑇;  𝜉) = 𝑆𝑑(𝑇;  𝜉 = 5%) √
10

5 + 𝜉
 

(7.b) 

where T is the period of vibration in seconds. Response spectra are generally plotted in  𝑆𝑎 vs 𝑇 or 𝑆𝑑 16 

vs 𝑇 coordinates, however in order to have a direct comparison to the capacity spectrum, the response 17 

spectra are plotted in the acceleration-displacement plane, with a set of coordinates defined by Sa and 18 

Sd. It should be noted that when the spectral values are plotted in ADRS format, the period is 19 

represented by lines radiating from the origin [55]. 20 
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The spectral displacement of the main frame for the considered seismic action is determined 1 

analytically. The secant stiffness of the capacity spectrum to the target displacement 𝐾𝐹
∗ = 𝑉𝑝

∗𝐹
/𝑑𝑝

∗  is 2 

used to calculate the effective period of the main structure 𝑇𝐹
∗ = 2𝜋√

𝑚∗

𝐾𝐹
∗  and hence the corresponding 3 

spectral displacement 𝑆𝑑(𝑇𝐹
∗;  𝜉𝐹) = 𝑆𝑑(𝑇𝐹

∗;  𝜉 = 5%) √
10

5+𝜉𝐹
 where 𝜉𝐹 is the equivalent viscous 4 

damping ratio of the unbraced structure defined by Eq. (6).  If 𝑆𝑑(𝑇𝐹
∗;  𝜉𝐹) ≤  𝑑𝑃

∗  the unbraced 5 

structure meets the performance requirement and the procedure ends (no retrofit is required).  If 6 

𝑆𝑑(𝑇𝐹
∗;  𝜉𝐹) >  𝑑𝑃

∗  the main frame alone is unable to meet the performance level and the damped brace 7 

system must be introduced. 8 

2.4 Evaluate the equivalent damped brace and the frame + damped brace capacity curve 9 

An iterative procedure is used to evaluate the damped brace. In the first iteration the undamped 10 

structure is considered with effective stiffness 𝐾𝑒𝑓𝑓
1  =  𝐾𝐹

∗ and effective period 𝑇𝑒𝑓𝑓
1  =  𝑇𝐹

∗, with 𝐾𝐹
∗ 11 

and 𝑇𝐹
∗ defined above. The line radiating from the origin with slope (𝑇𝑒𝑓𝑓

1 )
2
 identifies, where it crosses 12 

the 5% damped response spectrum, the spectral displacement 𝑑𝑒
1 of an elastic oscillator with period 13 

𝑇𝑒𝑓𝑓
1  corresponding to the effective period of the unbraced frame at maximum response 𝑑𝑝

∗  , i.e. 𝑑𝑒
1 =14 

𝑆𝑑(𝑇𝑒𝑓𝑓
1 ; 𝜉 = 5%) (Figure 5).  15 

 16 

Figure 5: Evaluation of the spectral displacement 𝑑𝑒
1 at first iteration 17 
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In order to meet the target displacement 𝑑𝑝
∗ , additional damping must be supplied by the damped 1 

brace. According to Eq. (7.b), the total damping 𝜉𝑒𝑓𝑓
1  required for the combined frame and damped 2 

brace (F+DB) system shall fulfill the displacement equality 3 

  𝑆𝑑(𝑇𝑒𝑓𝑓
1 ;  𝜉𝑒𝑓𝑓

1 ) = 𝑑𝑝
∗  (8) 

from which a first estimate of the effective viscous damping 𝜉𝑒𝑓𝑓
1  is determined as 4 

  

𝜉𝑒𝑓𝑓
1 = 10 ∙ (

𝑆𝑑(𝑇𝑒𝑓𝑓
1 ;  𝜉 = 5%)

𝑑𝑝
∗

)

2

− 5 = 10 ∙ (
𝑑𝑒

1

𝑑𝑝
∗

)

2

− 5 

(9) 

The properties of the equivalent SDOF damped brace are determined as a function of ductility 𝜇𝐷𝐵, 5 

which is assigned as a design input depending on the employed damper technology. An optimal 6 

design ductility for hysteretic steel dampers is assumed in the range of 4 ÷ 10 [31], whereas for 7 

friction and extrusion dampers there is no technological limitation to the displacement capacity that 8 

can be achieved without strength degradation [48]. The damper yield strength 𝑉𝑦
𝐷𝐵, which coincides 9 

with 𝑉𝑝
𝐷𝐵 for devices characterized by an elastic-perfectly plastic behavior (Figure 2), is instead the 10 

unknown of the procedure. 11 

The equivalent viscous damping of the damped brace system 𝜉𝐷𝐵 is calculated according to 12 

expression [49] 13 

  
𝜉𝐷𝐵 =  

𝜅𝐷𝐵  ∙ 63.7 ∙ (𝑉𝑦
∗𝐷𝐵

 𝑑𝑝
∗𝐷𝐵

− 𝑉𝑝
∗𝐷𝐵

 𝑑𝑦
∗𝐷𝐵

)

𝑉𝑝
∗𝐷𝐵

 𝑑𝑝
∗𝐷𝐵   

(10) 

and by setting the ultimate displacement of the equivalent SDOF damped brace equal to the target 14 

displacement 𝑑𝑢
∗𝐷𝐵

 =  𝑑𝑝
∗ , which yields 𝑑𝑦

∗𝐷𝐵
= 𝑑𝑝

∗ /𝜇𝐷𝐵,  Eq. (10) simplifies to Eq. (11): 15 

  
𝜉𝐷𝐵 =  

63.7 ∙ 𝜅𝐷𝐵 ∙ (𝜇𝐷𝐵 − 1)

𝜇𝐷𝐵
 

(11) 

In Eqs. (10) and (11) the value of 𝜅𝐷𝐵 can be selected based on experience and past applications or 16 

calibrated from experimental evidence. 17 
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The yield strength of the damped bracing system at first iteration 𝑉𝑦,1
∗𝐷𝐵

 = 𝑉𝑝,1
∗𝐷𝐵

 is hence evaluated 1 

through the energetic equivalence of Eq. (12) [53]: 2 

  𝜉𝑒𝑓𝑓
1 ∙ 𝑉𝑝

∗𝐹
= 𝜉𝐹 ∙ 𝑉𝑝

∗𝐹
+ 𝜉𝐷𝐵 ∙ 𝑉𝑝,1

∗𝐷𝐵
 (12) 

where 𝜉𝐹 is defined through Eq. (6). The introduction of the damped brace in parallel with the main 3 

frame yields an increase of 𝑉𝑝,1
∗𝐷𝐵

 of the total strength of the combined system F + DB at the target 4 

displacement 𝑑𝑝
∗ . 5 

The bilinear curve of the equivalent SDOF model of the retrofitted structure is constructed and plotted 6 

in 𝑆𝑎 − 𝑆𝑑 coordinates to check if the identified damped brace is appropriate. The ultimate 7 

displacement of the upgraded capacity curve is equal again to the target displacement 𝑑𝑝
∗ , while the 8 

correspondent base shear force is 𝑉𝑝,2
∗𝐹+𝐷𝐵

= 𝑉𝑝
∗𝐹

+ 𝑉𝑝,1
∗𝐷𝐵

. The new equivalent SDOF Frame + 9 

Damped brace (F + DB) system is characterized by an equivalent viscous damping   10 

𝜉𝐹+𝐷𝐵
2 =

𝜉𝐹∗𝑉𝑝
∗𝐹

+𝜉𝐷𝐵∗𝑉𝑝,1
∗𝐷𝐵

𝑉𝑝
∗𝐹

+𝑉𝑝,1
∗𝐷𝐵  + 5 and by an effective stiffness and an effective period equal to  11 

𝐾𝑒𝑓𝑓
2 =

𝑉𝑝,2
∗𝐹+𝐷𝐵

𝑚∗

𝑑𝑝
∗  and 𝑇𝑒𝑓𝑓

2 = 2𝜋√
1

𝐾𝑒𝑓𝑓
2 , respectively. The spectral displacement for the considered 12 

damping ratio is determined as 𝑆𝑑(𝑇𝑒𝑓𝑓
2 ; 𝜉𝐹+𝐷𝐵

2 ) and checked against the target displacement 𝑑𝑝
∗ . If 13 

|𝑆𝑑(𝑇𝑒𝑓𝑓
2 ; 𝜉𝐹+𝐷𝐵

2 ) − 𝑑𝑝
∗  |/𝑑𝑝

∗ ≤ 𝜀 (with 𝜀 sufficiently small, e.g. 0.05), the process ends and the 14 

properties of the damped bracing systems at each floor are determined in the next step, otherwise the 15 

iteration continues until the difference between 𝑑𝑝
∗  and 𝑆𝑑(𝑇𝑒𝑓𝑓

𝑖 ; 𝜉𝐹+𝐷𝐵
𝑖 ) (𝑖 = number of iteration) is 16 

sufficiently small, Figure 6. 17 

At the ith iteration, the shear force at the target displacement 𝑑𝑝
∗  is updated as 𝑉𝑝,𝑖

∗𝐹+𝐷𝐵
= 𝑉𝑝

∗𝐹
+ 𝑉𝑝,(𝑖−1)

∗𝐷𝐵
, 18 

and the equivalent viscous damping ratio of the equivalent SDOF Frame + Damped brace (F + DB) 19 

system is determined from Eq. (13): 20 
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𝜉𝐹+𝐷𝐵

𝑖 =
𝜉𝐹 ∙ 𝑉𝑝

∗𝐹
+ 𝜉𝐷𝐵 ∙ 𝑉𝑝,(𝑖−1)

∗𝐷𝐵

𝑉𝑝
∗𝐹

+ 𝑉𝑝,(𝑖−1)
∗𝐷𝐵  

(13) 

The effective stiffness and the effective period are 𝐾𝑒𝑓𝑓
𝑖 =

𝑉𝑝,𝑖
∗𝐹+𝐷𝐵

𝑚∗

𝑑𝑝
∗  and 𝑇𝑒𝑓𝑓

𝑖 = 2𝜋√
1

𝐾𝑒𝑓𝑓
𝑖 , respectively. 1 

The required effective viscous damping at the  ith iteration is calculated according to Eq. (8) and is 2 

equal to 𝜉𝑒𝑓𝑓
𝑖 = 10 ∙ (

𝑑𝑒
𝑖

𝑑𝑝
∗ )

2

− 5 (%), where 𝑑𝑒
𝑖 =  𝑆𝑑(𝑇𝑒𝑓𝑓

𝑖 ; 𝜉 = 5%). The strength of the equivalent 3 

SDOF damped brace is eventually calculated via Eq. (14), where the unknown quantity is 𝑉𝑝,𝑖
∗𝐷𝐵

=4 

𝑉𝑦,𝑖
∗𝐷𝐵

 5 

  𝜉𝑒𝑓𝑓
𝑖 ∙ (𝑉𝑝

∗𝐹
+ 𝑉𝑝,(𝑖−1)

∗𝐷𝐵
) = 𝜉𝐹 ∙ 𝑉𝑝

∗𝐹
+ 𝜉𝐷𝐵 ∙ 𝑉𝑝,𝑖

∗𝐷𝐵
 (14) 

 6 

 Figure 6: Graphical procedure for design of the damped braced structure 7 

2.5 Evaluate the Damped Brace distribution along the Frame height 8 

Once the properties of the equivalent SDOF damped brace are determined, their distribution across 9 

the stories of the structure is performed on the basis of a proportionality criterion ([16]-[22]). 10 
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The method uses, as input parameters, the yield properties (strength 𝑉𝑦
𝐷𝐵 and displacement 𝑑𝑦

𝐷𝐵) of 1 

the equivalent SDOF damped brace and the components 𝜙𝑖 of the eigenvector associated to the first 2 

mode of vibration of the main frame. At each floor the properties of the braces equipped with 3 

hysteretic dampers are determined via Eq. (15) – (18), see Figure 7. 4 

  
𝐹𝑦𝑖

𝐷𝐵 =
𝑚𝑖𝜙𝑖

∑ 𝑚𝑗𝜙𝑗
2𝑚

𝑗=1

(𝛤 ∙ 𝑉𝑦
∗𝐷𝐵

) 
(15) 

 
𝑉𝑦𝑖

𝐷𝐵 = ∑ 𝐹𝑦𝑗
𝐷𝐵

𝑛

𝑗=1

 
(16) 

 
𝑁𝑦𝑖

𝐷𝐵 =
𝑉𝑦𝑖

𝐷𝐵

𝑛𝑑  𝑐𝑜𝑠𝛼𝑖
 

(17) 

 
𝐾𝑖

𝐷𝐵 =
𝑉𝑦𝑖

𝐷𝐵

𝑛𝑑  (𝜙𝑖 − 𝜙𝑖−1)𝑑𝑦
𝐷𝐵 cos2 𝛼𝑖

 
(18) 

here 𝑁𝑦𝑖
𝐷𝐵

 and 𝐾𝑖
𝐷𝐵

 represent the strength and stiffness of the single damped brace installed at the ith 5 

floor, where 𝑛𝑑 is the total number of dampers per floor chosen by the designer.  At each floor, the 6 

damped braces are tuned in order to guarantee that the mode shape of the braced frame matches the 7 

first mode shape of the as-built structure [18], [19], [35].  If the frame remains elastic, the deformation 8 

remarks its fundamental mode shape, ensuring the same inter-story drift distribution [35]. It must be 9 

noted that Equations (17) and (18) which are used to calculate the properties of the individual damped 10 

brace refer to the diagonal configuration shown in Figure 7, but can be easily modified to adapt to 11 

other configurations, such as chevron, upper toggle, etc. 12 
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 1 

Figure 7: Quantities for design of diagonal braces with hysteretic dampers 2 

It is worthnoting that the distribution method requires, as input variable, the number of damped braces 3 

at every story. This choice depends ultimately on the designer, who has to takle both architectural 4 

demands related to, e.g., the invasiveness of braces in facades, and economic issues related to local 5 

strengthening of columns and beams subjected to increase in internal forces due to the actions 6 

transmitted by the braces [57].  7 

 8 

  9 
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3. Application of the design procedure 1 

The design method presented in Section 2 is applied to two case-study structures. The first structure 2 

is an existing 4-story reinforced concrete (RC) building located in Potenza (Italy) [28], a medium/high 3 

seismic area with PGA of 2.45 m/s2, and it is assumed to be founded on soil type B with topographic 4 

factor T1. The main dimensions of the building in plan and in elevation are sketched in Figure 8; 5 

masses and additional information are reported in reference [28]. 6 

      7 

Figure 8: Existing RC frame building in Potenza: elevation and plan views  8 

The second structure is a residential 6-story RC building, designed according to the novel Italian 9 

Building Code [30], which provides a similar approach to the Eurocode 8 [29], for a low seismicity 10 

zone corresponding to the municipality of Pordenone, Italy [45], characterized by a PGA = 1.91 m/s2 11 

and soil type B. This structure is upgraded to resist to higher seismic excitations corresponding to a 12 

high seismic area. Sketches of the building, with the main dimensions in plan and in elevation, are 13 

reported in Figure 9; structural loads and additional design information are reported in reference [45]. 14 
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 1 

Figure 9: Existing RC framed building in Pordenone: elevation and plan views 2 

Both structures are intended to fail in flexure, thus other failure mechanisms (such as shear failure of 3 

beams, columns or beam-column joints, bond slip and low-cycle fatigue, etc.) especially relevant to 4 

buildings designed according to outdated standards [56], are out of the scope of the present work. 5 

For the seismic upgrade of both structures, steel braces equipped with hysteretic dampers 6 

characterized by an elastic-perfectly plastic behavior are used. 7 

3.1 Numerical model of the RC case-study framed buildings 8 

Full 3-D numerical models of both buildings are formulated within the OpenSees framework [58].  9 

Beams and columns are modeled using the forceBeamColumn element object [59], in the form of the 10 

beamWithHinges element [60], assigning a linear elastic material behavior to the internal sub-11 

element, whereas non-linearities can be activated only in the two external sub-elements. The length 12 

of the plastic hinge 𝐿𝑝𝑙 is evaluated with Eq.(19) in accordance with the Eurocode 8 [29], valid when 13 

a well-detailed confinement model of concrete is assumed [61]: 14 
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𝐿𝑝𝑙 =

𝑧

30
+ 0.2ℎ + 0.11 (

𝑑𝑏𝑓𝑦

√𝑓𝑐

) 
(19) 

In these plastic regions, the concrete non-linear behavior is modelled through a fiber section model, 1 

where each steel bar corresponds to a single fiber using uniaxial Giuffre-Menegotto-Pinto constitutive 2 

law [62], equivalent to Steel02 material model with isotropic strain hardening [63]. The strain-3 

hardening ratio 𝑏 is assumed equal to 0.005 for the building in Pordenone, as specified in reference 4 

[45], and, in absence of any indication, equal to 0.01 for the building in Potenza [28], according to 5 

the modelling assumptions introduced in reference [61]. The parameters that control the transition 6 

from the elastic to the plastic branch are assigned as 𝑅0 = 18, 𝐶𝑅1 = 0.925 and 𝐶𝑅2= 0.15 [60]. The 7 

concrete model is implemented using the library uniaxial material Concrete04, which is based on the 8 

model proposed by Popovics [64]; the properties of the core region of the sections are evaluated 9 

referring to Equations (A6 – A8) of the Eurocode 8 [29] and the tensile strength of concrete is 10 

neglected in both core and cover regions [65]. It is worth mentioning that the material properties of 11 

the building are evaluated disregarding the confidence factors [29], [30]. In order to account for 12 

concrete cracking, the interior elastic sub-element is characterized by an effective area moment of 13 

inertia 𝐼𝑒𝑞, equal to 50% of the gross area moment of inertia 𝐼𝑔, according to the provisions of the 14 

Italian and the European norms [47], [30]. 15 

The chosen modelling approach is consistent with the design code adopted [29], [47] and has been 16 

demonstrated to reproduce, with enough accuracy, the seismic response of RC members characterized 17 

by flexural behavior [61]. 18 

In all models, the masses of the structural members (beams, columns, and slabs) are concentrated at 19 

the master nodes, dead and live loads are uniformly distributed on each beam and have been 20 

calculated according to the tributary area concept; P-Delta effects are considered in the analysis, while 21 

bond slip and low-cycle fatigue effects are disregarded. The columns at the ground floor have fixed 22 

base supports, simulating rigid foundations. The damping of the frame is defined according to the 23 
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Rayleigh method, as a function of the tangent stiffness matrix only, assuming 5% viscous damping 1 

ratio, to take into account the energy dissipation coming from infill panels and other non modelled 2 

non-structural components [61]. 3 

The floor slabs are modelled as rigid diaphragms, by constraining the nodes belonging to the same 4 

floor to have the same displacement. An “axial buffer” [65] has been introduced in the FE model, 5 

through a zeroLength element object [66] characterized by a virtually zero axial stiffness and very 6 

high stiffnesses in shear and bending, placed between one end of each beam and the adjacent node 7 

belonging to the rigid diaphragm. This element works as an axial release to eliminate the fictitious 8 

axial force generated by the interaction between beam elements modelled with fiber sections and the 9 

rigid diaphragm [65]. 10 

The braces equipped with the hysteretic damper are modelled as truss elements [60] with an 11 

associated uniaxialMaterial model with elastic-perfectly plastic behavior [66]. 12 

3.2 Case-study 1: building in Potenza 13 

The upgrade of the RC building in Potenza is carried out considering the seismic loads provided by 14 

IBC [30] for life-safety limit state (SLV), site of Potenza (Long 15° 48’ 20.1744’’, Lat 40° 38’ 15 

25.4688’’), functional class cu = II, PGA = 2.45 m/s2, soil type B and topographic factor T1. Diagonal 16 

steel braces equipped with hysteretic dampers are inserted in the perimetral frames of each story, 17 

according to the layout shown in Figure 10. 18 
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 1 

Figure 10: Layout of steel braces equipped with hysteretic dampers for case-study 1 building; the 2 

dissipative braces are installed in the perimetral frames 3 

NLSAs are performed in both positive and negative directions of the two horizontal (X and Z) axes, 4 

applying horizontal force distributions proportional to either mass (referred hereinafter as 5 

UNIFORM) or modal (MODAL) properties, and considering 5% accidental eccentricity of the center 6 

of mass of each story, as prescribed in [30] and [47]. The MODAL capacity curve is the lowest in 7 

both directions (Figure 11) and is used to evaluate the main parameters of the equivalent SDOF 8 

systems, Eqs.(1) – (6) .  9 

Since the building, designed in accordance with updated codes, is missing of seismic details, the 10 

hysteretic damper system is designed with the aim of keeping the main frame in the elastic range, 11 

limiting as much as possible structural damage.  The target inter-story drift ratio is set to ∆𝑑  =12 

 0,005 𝑚/𝑚, corresponding through Eq. (5b) to the target displacement 𝑑𝑝 = 0.045 𝑚 of the MDOF structure 13 

(ℎ0 = 3.0 m, 𝛿𝑖,𝑚𝑎𝑥 = 0.3306), and 𝑑𝑝
∗  = 0.036 m of the equivalent SDOF system, respectively (Figure 11). 14 

The equivalent bilinear capacity curves of the main frame in the two horizontal directions are then 15 

calculated according to Section 2.2 (Table 1). At the selected performance point the equivalent 16 

viscous damping ratio of the main frame is quite negligible (  17 
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 1 

Figure 11: Determination of capacity curves in X- and Z- direction 2 

Direction 

𝛤 

[−] 

𝑑𝑦
∗  

[𝑚] 

𝑉𝑦
∗𝐹

 

[𝑘𝑁] 

𝑑𝑝
∗  

[𝑚] 

𝑉𝑝
∗𝐹

 

[𝑘𝑁] 

𝜉𝐹 

[%] 

𝑚∗ 

[𝑡𝑜𝑛] 

𝐗 1.27 0.012 182 0.036 388 5.7 340 

𝐙 1.27 0.012 186 0.0.036 385 6.4 339 

Table 1: Properties of the equivalent SDOF system and bilinear capacity curves of case-1 structure 3 

in the two horizontal directions 4 

The design procedure described in Section 2 is separately applied  to both X and Z directions: the 5 

bilinear capacity curve of the equivalent SDOF model is represented in ADRS format (Figure 12) and 6 

the effective viscous damping ratio at first iteration 𝜉𝑒𝑓𝑓
1  is determined by applying the Eq.(9). 7 

The ductility of the equivalent damped brace system 𝜇𝐷𝐵 is the design input. As the ductility factor 8 

for hysteretic steel dampers typically ranges between 4 and 10 [31], the upper and lower boundaries 9 

of the range, namely 𝜇𝐷𝐵 = 4 and 𝜇𝐷𝐵 = 10, are investigated. According to Eq.(11), the two ductility 10 

factors correspond to equivalent viscous damping ratios 𝜉𝐷𝐵 = 47.8% and 𝜉𝐷𝐵 = 57.3%, 11 

respectively.  12 
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The bilinear curve of the equivalent SDOF Frame + Damped brace system in either horizontal 1 

direction is plotted in the ADRS plane to check if the identified damper is appropriate for the RC 2 

case-study frame (Figure 12). Step 4 of the procedure is iterated until the inelastic displacement of 3 

the equivalent SDOF braced structure converges to the target displacement 𝑑𝑝
∗  with ε < 0.05. As 4 

shown in Figure 13, convergence is always achieved within three iterations.  5 

 6 

Figure 12: Equivalent capacity curves in X-direction of the main Frame (F) and Frame + Damped 7 

brace (F + DB) system with 𝜇𝐷𝐵 = 10 and relevant demand response spectra  8 

 9 

Figure 13: Iterative procedure for tuning the equivalent SDOF damped brace: damper yield strength 10 

vs. iteration number 11 
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The damped brace system is distributed along the height of the frame in accordance with the method 1 

illustrated in Section 2.5 (hereinafter called Method A).  However, in order to highlight the effects of 2 

the damper distribution on the frame response, a second method described in literature ([28], [31] and 3 

[32]), named Method B, has been investigated as well. 4 

By referring to the layout shown in Figure 10, with 4 dampers per story in each directions, the 5 

resulting strength and stiffness of the dissipating braces calculated with either method are reported in 6 

Table 2. 7 

  8 



 

32 

  𝜇𝐷𝐵 = 4 𝜇𝐷𝐵 = 10 

Directions story 

Method A Method B Method A Method B 

𝐾𝑖
𝐷𝐵 

[
𝑘𝑁

𝑚𝑚
] 

𝑁𝑦𝑖
𝐷𝐵 

[𝑘𝑁] 

𝐾𝑖
𝐷𝐵 

[
𝑘𝑁

𝑚𝑚
] 

𝑁𝑦𝑖
𝐷𝐵 

[𝑘𝑁] 

𝐾𝑖
𝐷𝐵 

[
𝑘𝑁

𝑚𝑚
] 

𝑁𝑦𝑖
𝐷𝐵 

[𝑘𝑁] 

𝐾𝑖
𝐷𝐵 

[
𝑘𝑁

𝑚𝑚
] 

𝑁𝑦𝑖
𝐷𝐵 

[𝑘𝑁] 

𝐗 

1st 31.5 90 29.2 54.6 67.4 77 62.5 46.7 

2nd 26.2 79 20.5 48.5 56.1 68 44 41.6 

3rd 26 56.7 19.3 36.2 55.5 48.6 41.4 31 

4th 24.4 26 17.7 19.2 52.3 22.3 38 16.5 

𝐙 

1st 29.1 84.7 26.5 51.5 62.6 73 57 44.3 

2nd 24 74.6 19 46 51.5 64.1 41 39.5 

3rd 23.6 53.5 18 34.2 51 46 38.5 29.4 

4th 22.12 24.5 16 18.2 47.6 21.1 34.3 15.6 

Table 2: Case-study 1: properties of the damped braces for two assigned ductility factors  1 

For both 𝜇𝐷𝐵𝑠, the recommended Method A provides the highest values of strength and stiffness of 2 

the damping braces. By considering, e.g., the X direction, the ratio between the stiffnesses determined 3 

according to either Method A or B varies from 1.08 at the first floor to about 1.40 at the fourth floor, 4 

and the ratio between the strengths varies from 1.65 at the first floor to 1.35 at the fourth floor. These 5 

figures do not change regardless of the damper ductility. Higher strengths are associated to 𝜇𝐷𝐵 = 4 6 

than to 𝜇𝐷𝐵 = 10 in order to counteract the lower dissipation capacity. 7 
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Figure 14 compares in the ADRS plane the capacity curves of the upgraded building for 𝜇𝐷𝐵 = 4 1 

(Figure 14 (a)) and 𝜇𝐷𝐵 = 10 (Figure 14 (b)); similar results are obtained along the Z-direction and 2 

not reported for conciseness. 3 

a)  b)  4 

Figure 14: Comparison of capacity curves in X-direction for different damped brace ductility: a) 5 

𝜇𝐷𝐵 = 4 ; b) 𝜇𝐷𝐵 = 10 6 

The design target is met by the upgraded frame for either value of 𝜇𝐷𝐵. However, regardless of 𝜇𝐷𝐵, 7 

the capacity curve of the structure upgraded according to Method A shows a stiffer response, and the 8 

performance point is characterized by a higher force at a smaller displacement, than its Method B 9 

counterpart.  10 

NLSAs evaluate the response of the retrofitted structure in terms of global quantities only, such as 11 

the total base shear force and the displacement of the reference point, but do not provide any check 12 

on local quantities, like, e.g., drifts and forces at each story, and the damping capacity of the 13 

dissipating brace system inserted in the structure. To have a deeper insight, bidirectional non-linear 14 

dynamic analyses (BNLDAs) are performed in compliance with the IBC [30] and EC8 [47] 15 

considering two sets of seven artificial ground motions generated using the computer code SIMQKE 16 

[67]. The artificial accelerograms  are characterized by a pseudo-stationary part of 10 sec and a total 17 

duration of 25 seconds as prescribed in [30], and are compatible on average with the elastic spectrum 18 

defined by the code [30] in the range of periods between 0.15 and 2 sec.  19 
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At the end of the BNLDAs, the response of the case-study structure has been evaluated considering 1 

engineering demand parameters such as absolute accelerations and inter-story drifts, which are 2 

commonly considered the main parameters to appraise the performance of frame structures and the 3 

effectiveness of the retrofitting technique. During the post-processing of the analysis, the mean value 4 

of the maxima of the parameters calculated for the seven pairs of bidirectional accelerograms has 5 

been evaluated for each direction. Figure 15-Figure 18 show the numerical results in terms of 6 

maximum inter-story drift ratio 𝛥 and maximum Peak Floor Acceleration 𝑃𝐹𝐴 at each story, 7 

comparing the as-built configuration to the retrofitted configurations with dissipating braces 8 

distributed according to either Method A or Method B, and considering either 𝜇𝐷𝐵 = 4 or 𝜇𝐷𝐵 = 10. 9 

The maximum values of 𝛥 and 𝑃𝐹𝐴 may not occur at the same time step of the analysis. 10 

Figure 15 and Figure 17 show that inter-story drift ratios 𝛥 drastically decrease when the damped 11 

braces are introduced. The damper distribution according to Method A produces at each floor, in 12 

either direction and for both values of 𝜇𝐷𝐵, maximum 𝛥 values smaller than 0.5%, which is the design 13 

target drift ratio. In contrast, if Method B is adopted, 𝛥 exceeds the specified limit at the second floor 14 

in the Z-direction for both 𝜇𝐷𝐵𝑠 ( 𝛥 = 0.0056 for 𝜇𝐷𝐵 = 4 and  𝛥 = 0.0052 for 𝜇𝐷𝐵 = 10, Figure 15 15 

and Figure 17). As expected [35], 𝑃𝐹𝐴 increases in the braced structure (Figure 16 and Figure 18), 16 

and the increase is higher for the stiffer distribution following Method A: e.g., at the fourth floor 𝑃𝐹𝐴 17 

in X direction grows by either 12.6% with Method B or 28.4% with Method A, considering 𝜇𝐷𝐵 = 4, 18 

while the increase is either 7.4% or 9.16%, respectively, with 𝜇𝐷𝐵 = 10. The amplification of ground 19 

acceleration decreases by increasing the damping capacity of the dissipation system. 20 
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   1 

Figure 15: Comparison of maximum inter-story drift ratio 𝛥 obtained by BNLDA with and w/o 2 

damped braces with 𝜇𝐷𝐵 = 4 3 

   4 

Figure 16: Comparison of maximum Peak Floor Acceleration 𝑃𝐹𝐴 obtained by BNLDA with and 5 

w/o damped braces with 𝜇𝐷𝐵 = 4 6 

   7 

Figure 17: Comparison of maximum inter-story drift ratio 𝛥  obtained by BNLDA with and w/o 8 

damped braces with 𝜇𝐷𝐵 = 10 9 
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   1 

Figure 18: Comparison of maximum Peak Floor Acceleration 𝑃𝐹𝐴 obtained by BNLDA with and 2 

w/o damped braces with 𝜇𝐷𝐵 = 10 3 

Figure 19 and Figure 20 compare the capacity curves of the as-built and the upgraded structures with 4 

the results of the BNLDAs, expressed in terms of average maximum top displacement and maximum 5 

base shear force. The comparison confirms that Method A is more conservative than Method B, as 6 

already shown by NLSAs. In both directions and for both values of 𝜇𝐷𝐵, the average maximum 7 

displacement of Method B (𝑑𝑝,𝐵) is closer to the target displacement. In the Z-direction the values of 8 

𝑑𝑝,𝐵 are almost coincident with 𝑑𝑝 with a maximum deviation of -4.3%, while the average maximum 9 

displacement of Method A (𝑑𝑝,𝐴) deviates by more than -15% (Table 3); in the X-direction the 10 

deviation is about -20% for Method B, while for Method A ranges from -20% to -32% depending on 11 

𝜇𝐷𝐵. The introduction of dissipative braces produces an increase in the maximum base shear 𝑉𝑚𝑎𝑥, as 12 

shown in Figure 21. Consistently with the observed increase in 𝑃𝐹𝐴, Method A produces the largest 13 

increase on 𝑉𝑚𝑎𝑥 (up to 41.5% more than in the as-built configuration), while Method B leads to a 14 

maximum increase of 20.5%. 15 
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   1 

Figure 19: Comparison between capacity curves calculated by NLSA (solid lines) and maximum 2 

top displacement versus base shear force by BNLDA (dots), damped brace ductility 𝜇𝐷𝐵 = 4  3 

   4 

Figure 20: Comparison between capacity curves calculated by NLSA (solid lines) and maximum 5 

top displacement versus base shear force by BNLDA (dots), damped brace ductility 𝜇𝐷𝐵 = 10 6 

  𝜇𝐷𝐵 = 4 𝜇𝐷𝐵 = 10 

Directions 

𝑑𝑝 

[𝑚] 

𝑑𝑝,𝐴 

[𝑚] 

𝑑𝑒𝑣 

[%] 

𝑑𝑝,𝐵 

[𝑚] 

𝑑𝑒𝑣 

[%] 

𝑑𝑝,𝐴 

[𝑚] 

𝑑𝑒𝑣 

[%] 

𝑑𝑝,𝐵 

[𝑚] 

𝑑𝑒𝑣 

[%] 

X 0.046 0.037 −𝟏𝟗. 𝟓 0.040 −𝟏𝟐. 𝟓 0.031 −𝟑𝟐 0.037 −𝟏𝟖. 𝟓 
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Z 0.047 0.040 −𝟏𝟓. 𝟔 0.0473 𝟎. 𝟔 0.035 −𝟐𝟓 0.045 −𝟒. 𝟑 

Table 3: Comparison between the target displacement 𝑑𝑝 and the average maximum top 1 

displacement of the damped braced frame with 𝜇𝐷𝐵 = 4 or 𝜇𝐷𝐵 = 10, and different distribution 2 

Method (A or B) 3 

 4 

Figure 21: Comparison between the average maximum base shear force of the damped braced frame 5 

with 𝜇𝐷𝐵 = 4 or 𝜇𝐷𝐵 = 10 , and different distribution Method (A or B); maximum base shear force 6 

of the as-built structure reported as broken line 7 

In conclusion, the damped brace system designed according to proposed procedure in combination 8 

with the recommended distribution method (Method A) allows to fulfill the performance 9 

requirements for the upgraded frame. Alternative distribution methods, such as Method B, may look 10 

more effective by considering the global performance of the upgraded structure in terms of maximum 11 

top displacement and maximum base shear forces, as they provide floor drifts closer to the target 12 

performance without an excessive increase of the shear force at the base columns. However, as 13 

highlighted in Figure 15 and Figure 17, Method A provides a more effective control of the lateral 14 

deformation along the height of the building, ensuring that the maximum inter-story drift ratio is less 15 

than 0.5% at each floor, which is the goal of the retrofit design. In contrast, for Method B the target 16 

performance is found not satisfied at the second floor, whichever the assumed ductility factor. A 17 

further conclusion that is apparent from Figure 21 is that low-ductility damped braces turn out to be 18 

less effective for the control of both lateral drifts and shear forces of the main building. 19 
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3.3 Case-study 2: building in Pordenone 1 

The second case-study is a residential 6-story building, designed in compliance with IBC [30] for a 2 

low seismicity zone corresponding to the municipality of Pordenone, Italy [45] (PGA = 1.91m/s2, soil 3 

type B). This building is characterized by square 50x50cm columns at the ground level and at the first 4 

floor, and by square 40x40cm columns from the second to the last floor, Figure 9. This arrangement 5 

results in a variation of stiffness along the height of the building and different floor masses at each 6 

story. The building is upgraded for a high seismicity area, considering the seismic loads provided by 7 

the code [30] for life-safety limit state (SLV), site of L’Aquila (Long 13° 23.9724’, Lat 42° 21.033’), 8 

functional class cu = II, PGA = 4.062 m/s2, soil type C and topographic factor T2. Diagonal steel 9 

braces equipped with hysteretic devices are inserted in the facades, according to the layout shown in 10 

Figure 22 (4 units at each floor in both X and Z directions).  In this case too, two ductility levels 11 

𝜇𝐷𝐵 = 4 and 𝜇𝐷𝐵 = 10 are considered. Since the results are similar to those found for case-study 1, 12 

for brevity, only those relevant to  the lateral deformation of the building are presented and discussed. 13 

 14 

Figure 22: Diagonal layout of steel braces equipped with hysteretic dampers for case-study 2 15 

building  16 

As in case-study 1, the bilinear curve of the equivalent SDOF system of the as-built structure in either 17 

horizontal direction (X and Z) is determined from the MODAL capacity curve, Figure 23. The target 18 
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displacement is calculated considering a maximum inter-story drift of the braced structure equal to 1 

∆𝑑  =  0,005 𝑚/𝑚, to satisfy the stability requirement (STA) for non-structural elements at the ultimate 2 

limit state as recommended in [30]. Being ℎ0 = 3.0 m and 𝛿𝑖,𝑚𝑎𝑥 = 0.2257, values of 𝑑𝑝 = 0.059 𝑚 3 

for the MDOF frame and 𝑑𝑝
∗  = 0.044 m for the equivalent SDOF system result. The parameters of the 4 

equivalent bilinear capacity curves of the main frame in the two horizontal directions are reported in 5 

Table 4Table 1. 6 

 7 

Figure 23: Capacity curves in X- and Z- direction 8 

Direction 

𝛤 

[−] 

𝑑𝑦
∗  

[𝑚] 

𝑉𝑦
∗𝐹

 

[𝑘𝑁] 

𝑑𝑝
∗  

[𝑚] 

𝑉𝑝
∗𝐹

 

[𝑘𝑁] 

𝜉𝐹 

[%] 

𝑚∗ 

[𝑡𝑜𝑛] 

𝐗 1.32  0.017  602.6  0.044  1387  2.2 958 

𝐙 1.32  0.014  510  0.044  1368  2.4  956 

Table 4: Properties of the equivalent SDOF system and bilinear capacity curves of case-study 2 9 

structure in the two horizontal directions 10 

The bilinear capacity curves in the X and Z directions are separately reported in the acceleration-11 

displacement plane and the procedure described in Section 2.4 is iterated until the performance point 12 



 

41 

of the equivalent SDOF braced structure converges to the target displacement 𝑑𝑝
∗  with ε ≤ 0.05. Figure 1 

24 show the ADRS representation of the equivalent SDOF capacity curves along the X direction of 2 

the main frame (F) and the upgraded frame (F + DB). Convergence to values reported in Table 5 is 3 

obtained at the third iteration. It is to be noted that for the building under consideration, the properties 4 

of the equivalent SDOF damped brace along the two horizontal directions are practically the same. 5 

 6 

Figure 24: Equivalent capacity curves in X-direction of main Frame (F) and Frame + Damped brace 7 

(F + DB) with 𝜇𝐷𝐵 = 10  8 

 X - Direction Z - Direction 

𝝁𝑫𝑩 𝑉𝑦
∗𝐷𝐵

 

[𝑘𝑁] 

𝑑𝑝
∗  

[𝑚] 

𝜉𝐷𝐵 

[%] 

𝑉𝑦
∗𝐷𝐵

 

[𝑘𝑁] 

𝑑𝑝
∗  

[𝑚] 

𝜉𝐷𝐵 

[%] 

𝟒 2056 0.044 47.78 2045.5 0.044 47.78 

𝟏𝟎 1764.5 0.044 57.33 1756 0.044 57.33 

 9 

Table 5: Properties of the SDOF damped brace for case-study 2 10 

After the strength of the equivalent SDOF damped brace has been determined, the properties of the 11 

dissipative braces at each story are distributed in agreement with either Method A or Method B. 12 
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 1 

NLSAs are performed on both upgraded configurations and the relevant capacity curves are plotted 2 

in ADRS format to verify the effectiveness of the design, Figure 25. As expected, the distribution of 3 

stiffnesses and strengths according to Method A produces a stiffer global response. 4 

a)  b)  5 

Figure 25: Comparison of capacity curves in X-direction for damper brace ductility: a) 𝜇𝐷𝐵 = 4 ; b) 6 

𝜇𝐷𝐵 = 10 7 

BNLDAs are performed in conformity with IBC [30] and EC8 [47]  considering two sets of seven 8 

artificial ground motions [67], compatible with the response spectrum defined by IBC [30].  9 

Figure 26 and Figure 27 compare the capacity curves of the as-built and the upgraded structures with 10 

the results of the BNLDAs (average maximum top displacement and base shear force). Method B 11 

provides indeed an excellent agreement between structural displacement and the target value 𝑑𝑝
∗  for 12 

both ductility factors; with Method A the average BNLDA displacement coincides with the target 13 

value when the low ductility damper is considered, while for 𝜇𝐷𝐵 = 10 the method appears to be 14 

conservative, as already observed for case-1 building.  15 
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   1 

Figure 26: Comparison between capacity curves calculated by NLSA (solid lines) and maximum 2 

top displacement versus base shear force by BNLDA (dots), damped brace ductility 𝜇𝐷𝐵 = 4 3 

   4 

Figure 27: Comparison between capacity curves calculated by NLSA (solid lines) and maximum 5 

top displacement versus base shear force by BNLDA (dots), damped brace ductility 𝜇𝐷𝐵 = 10  6 

However, the global response needs to be analyzed in conjunction with the local behavior. Figure 28 7 

and Figure 29 show the maximum inter-story drift ratio 𝛥 at each floor, comparing the as-built 8 

configuration with the upgraded configurations according to Method A and Method B. 9 



 

44 

   1 

Figure 28: Maximum inter-story drift ratio 𝛥  in X and Z directions obtained by BNLDAs with 2 

𝜇𝐷𝐵 = 4 3 

   4 

Figure 29: Maximum inter-story drift ratio 𝛥  in X and Z directions obtained by BNLDAs with 5 

𝜇𝐷𝐵 = 10 6 

For 𝜇𝐷𝐵 = 10 (Figure 29) the target drift ratio is substantially met at each floor with either damper 7 

distribution (only in Z direction, 𝛥 = 0.0053 m/m with Method B). In contrast, for 𝜇𝐷𝐵 = 4 (Figure 8 

28) only the distribution according to Method A meets the target, while with Method B at the third 9 

floor the drift ratio exceeds the limit in both X (𝛥 = 0.0055 m/m) and Z (𝛥 = 0.0057 m/m) directions. 10 

 11 

 12 

 13 

  14 
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4. Discussion and Conclusion 1 

A displacement-based design procedure based on the Capacity Spectrum Method [46] has been 2 

developed for the seismic upgrade of frame structures via addition of hysteretic damped braces. A 3 

substitute structure consisting of an equivalent SDOF braced frame is introduced to represent the 4 

overall behavior of the existing frame and the damped brace system acting in parallel. The 5 

performance point for the upgraded structure is assigned in order to control the maximum inter-story 6 

drift, by assuming that the lateral deformation of the damped braced frame matches the first mode 7 

deformation of the main frame. The secant stiffness and the equivalent viscous damping ratio are used 8 

to characterize the non-linear behavior of the upgraded frame, which allows the direct calculation of 9 

the global properties of the hysteretic damper system.  10 

The global stiffness and strength of the equivalent SDOF damped brace identified by the procedure 11 

are distributed along the height of the building according to a proportionality criterion which 12 

constrains the drifts of the braced frame to follow the first mode deformation of the main frame. The 13 

adopted distribution of the damped brace properties in elevation is expected to promote the 14 

simultaneous engagement of the dampers at each floor during the earthquake. Since the design 15 

methodology is based on the condensation of the MDOF structure to an equivalent SDOF system, the 16 

simultaneous engagement of the dampers along the height of the building is essential for the 17 

condensation to be accurate [13]. Moreover, ensuring that the first mode of the braced and unbraced 18 

frame is the same, it is also required for dimensioning the target displacement 𝑑𝑝 according to Eqs. 19 

(5a) and (5b), which assume the proportionality of inter-story drifts of the upgraded and the main 20 

structure. Once the global stiffness and strength of the damped braces at each floor are determined, 21 

the properties of the single units are eventually calculated, depending on the selected brace 22 

configuration. 23 

Even if some analogies exist with other approaches based on the response spectrum and utilizing 24 

either the initial stiffness ([18], [28]), or the secant stiffness to the maximum response level ([26], 25 
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[35]), the strength of the proposed method relies on its simplicity: only one NLSA of the as-built 1 

structure is performed at the beginning of the process, to determine the capacity curve of the main 2 

frame, and at each iteration the capacity curve of the upgraded frame is calculated by means of 3 

analytical equations accounting for the stiffness and the strength of the damped brace system. The 4 

iterative procedure can be implemented in a spreadsheet, and convergence is usually reached in few 5 

steps; in addition, the graphical representation of both curves in the ADRS plane has the added 6 

advantage of giving the engineer the opportunity to visualize at any iteration the relationship between 7 

demand and capacity. 8 

Global approaches based on the definition of a capacity spectrum via an equivalent SDOF system 9 

have the merit to provide a simple, direct, and fast design procedure. However, as observed for similar 10 

approaches ([16]-[22], [28], [35], [53], [56]), in general they do not allow for a direct control of the 11 

drift demand at each floor To overcome this limit, a criterion based on the proportionality between 12 

the inter-story drift distribution of the upgraded and the modal properties of the main frame has been 13 

presented in the study. Though the distribution method is not intended to make the inter-story drift 14 

distribution more uniform, it allows to limit the lateral deformation of the weak story of the building 15 

to an assigned threshold associated to the design level of performance.  16 

The effectiveness of the proposed distribution method (Method A) is assessed in comparison to a 17 

second method (Method B) which distributes the global properties based on a proportionality criterion 18 

with respect to floor stiffnesses calculated from NLSA ([28], [56]).  19 

The two methods lead to differences in strengths and stiffnesses of the damped braces at each floor; 20 

this difference has a relatively low influence on the top displacement but has large effect on the 21 

distribution of the inter-story drifts. Namely, Method B was effective when  dissipative braces with 22 

high ductility factor were considered, but it was unable to control the drift of the weak story of the 23 

frame when a damper with low ductility was selected. In contrast, the effectiveness of Method A was 24 

proved for both high and low 𝜇𝐷𝐵 values. Another effect of the adopted distribution method regards 25 
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the increase in floor accelerations and in the internal forces of the structural elements of the main 1 

frame where the forces developed by the dampers are transferred (typically, the elements where the 2 

braces are connected). In this regard, the Method B examined in the case-studies seems to be more 3 

suitable, because of the lower strength and stiffness of the devices. However, in the proposed design 4 

method, the performance requirement is expressed in terms of target displacement and inter-story 5 

drift ratio, and in this respect the effectiveness of the recommended Method A is superior.  6 

Nevertheless, for different design requirements, e.g., when a main target is to control floor 7 

accelerations to protect acceleration-sensitive elements [31] or to limit the increase in axial load in 8 

weak elements, alternative distribution methods can be considered. 9 

The presented procedure is directly applicable to low-rise and mid-rise buildings with in-plan and in-10 

elevation regular distribution, for which the lateral deformation is essentially governed by the first 11 

mode, whereas it is not suitable for structures where the contribution of higher modes is not negligible.  12 

It should be noted that this does not represent a critical limitation from a practical point, given that in 13 

many countries, (e.g., Italy), the largest part of the existing building stock designed according to 14 

outdated codes, consists of low-rise and medium-rise buildings. Examples include residential 15 

buildings, schools, industrial sheds etc. [68]. The procedure, conceived for regular buildings, will be 16 

extended in a future study to in-elevation irregular frames and unsymmetric-plan structures. 17 

Analogously, while only tested on RC structures in this study, the proposed procedure is applicable 18 

to steel structures as well. The extension of the approach to steel systems is the object of an ongoing 19 

investigation. 20 

Owing to its ease, the procedure is aimed at enhancing the confidence of practitioners in using 21 

supplementary energy dissipation systems by providing a simple, fast, and handy procedure to tune 22 

the effective parameters of the damped braces. However, some limitations of the method exist, which 23 

are highlighted in the following points. 24 
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The case-studies have also highlighted that the global structural response estimated via BNLDAs is 1 

typically lower, in terms of base shear force and top displacement, than the one calculated via NLSAs 2 

of the MDOF braced frame system; this can be explained considering that the results of NLSAs 3 

depend on the considered lateral load distribution and in general neglect dynamic effects. Moreover, 4 

damped braces can provide an equivalent structural damping 𝜉𝐹+𝐷𝐵 greater than 28% (as indeed 5 

occurred in the two case-studies examined in the study) which represents the limit over which the 6 

simplified shapes of pseudo-acceleration and displacement response spectra are no longer valid [29]. 7 

Therefore, the evaluation of 𝑑 = 𝑑𝑝 carried out by referring to the displacement spectrum for 8 

𝜉 = 𝜉𝐹+𝐷𝐵 can provide only an approximate value of the displacement of the frame retrofitted with 9 

damped braces. These are inherent limits of all procedures for dimensioning of damped braces based 10 

on Direct-Displacement-Based Design (DDBD) method which exploit the capacity curves of the bare 11 

and retrofitted frame and the response demand spectra to evaluate the performance point. 12 

The number and location of damping units to be installed in the structure, and their distribution along 13 

the height of the building, remain a design input which is to be decided by the user based on past 14 

experience or via trial and error. Evidently, the brace configuration cannot be standardized in a 15 

general procedure as it actually depends on specific constraints posed by e.g., architectural 16 

requirements, modification of the building layout, ability of structural members to resist the increased 17 

internal forces due to the braces and cost of strengthening procedures, etc. 18 

The non-linear analyses presented in the study were performed considering artificial ground motions, 19 

because artificial accelerograms with smooth spectrum allow a more accurate control of the frame 20 

response than real accelerograms, usually characterized by a large scatter of spectral accelerations, 21 

thereby making the interpretation / comparison with NLSA simpler and more focused on the specific 22 

aspects that are analyzed in the work. In future developments the verification will be extended to 23 

include natural ground motions as well. 24 
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Symbols 1 

𝑏 strain-hardening ratio 2 

𝐶𝑅1 curvature degradation parameter 3 

𝐶𝑅2 curvature degradation parameter 4 

𝑑𝑏 diameter of longitudinal reinforcement 5 

𝑑𝐹 roof displacement of the unbraced Multi Degree Of Freedom (MDOF) structure 6 

𝑑𝐹
∗  roof displacement of the unbraced Single Degree Of Freedom (SDOF) structure 7 

𝑑𝐷 axial deflection of a hysteretic damper 8 

𝑑𝑒 spectral displacement of an elastic oscillator with period 𝑇𝑒𝑓𝑓 9 

𝑑𝑝 target displacement of MDOF structure  10 

𝑑𝑝,𝐴 averaged maximum displacement of damped braced frame according to distribution Method A 11 

𝑑𝑝,𝐵 averaged maximum displacement of damped braced frame according to distribution Method B 12 

𝑑𝑝 target displacement of MDOF structure 13 

𝑑𝑝
∗  target displacement of SDOF structure 14 

𝑑𝑢 ultimate displacement of the unbraced MDOF structure 15 

𝑑𝑢𝐷 ultimate deflection of a hysteretic damper 16 

𝑑𝑢
∗𝐷𝐵

 ultimate displacement of the equivalent SDOF damped brace 17 

𝑑𝑦 yield displacement of the MDOF main structure 18 

𝑑𝑦,𝑖 yield displacement of the 𝑖th story of the main structure (with 𝑖 = 1 ÷ 𝑛, where 𝑛 is the total 19 

number of floors) 20 
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𝑑𝑦
∗  yield displacement of the SDOF main structure 1 

𝑑𝑦𝐷 yield deflection of a hysteretic damper 2 

𝑑𝑦
∗𝐷𝐵

 yield displacement of the equivalent SDOF damped brace  3 

𝑑𝑦
∗𝐹

 roof displacement at yielding of the unbraced SDOF structure 4 

𝑓𝑐 compressive strength of concrete 5 

𝐹𝑖 horizontal seismic force (with 𝑖 = 1 ÷ 𝑛, where 𝑛 is the total number of floors) 6 

𝑓𝑦 yield stress of longitudinal steel reinforcement  7 

𝐹𝑦𝑖
𝐷𝐵 seismic lateral loads at yielding point of damped braces at the 𝑖th floor (with 𝑖 = 1 ÷ 𝑛, where 8 

𝑛 is the total number of floors) 9 

ℎ overall depth of beam or column 10 

ℎ𝑖 inter-story height 11 

ℎ0 uniform inter-story height 12 

𝐼𝑒𝑞 effective area moment of inertia of beam or column 13 

𝐼𝑔 gross area moment of inertia of beam or column 14 

𝐾𝐷 initial stiffness of the theoretical force–deflection curve of a hysteretic damper 15 

𝐾2,𝐷 post-yield stiffness of the theoretical force–deflection curve of a hysteretic damper 16 

𝐾𝑒𝑓𝑓 effective stiffness of the equivalent SDOF frame + damped brace system 17 

𝐾𝐹
∗ secant stiffness of the bilinear capacity curve to the target displacement  18 

𝐾𝑖
𝐷𝐵 stiffness of the damped braces at the 𝑖th story (with 𝑖 = 1 ÷ 𝑛, where 𝑛 is the total number of 19 

floors) 20 
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𝐾𝑖
𝐹 stiffness of the 𝑖th story of the as-built main structure (with 𝑖 = 1 ÷ 𝑛, where 𝑛 is the total 1 

number of floors) 2 

𝐿𝑝𝑙 plastic hinge length 3 

𝑚𝑖 floor masses (with 𝑖 = 1 ÷ 𝑛, where 𝑛 is the total number of floors) 4 

𝑚∗ equivalent mass of the SDOF structure 5 

𝑛𝑑 total number of dampers per floor 6 

𝑁𝐷 output force of a hysteretic damper 7 

𝑁𝑦𝐷 yield force of a hysteretic damper 8 

𝑁𝑦𝑖
𝐷𝐵 strength of the damped brace at the 𝑖th story (with 𝑖 = 1 ÷ 𝑛, where 𝑛 is the total number of 9 

floors) 10 

𝑁𝑢𝐷 ultimate force of a hysteretic damper 11 

𝑃𝐺𝐴 peak ground acceleration 12 

𝑃𝐹𝐴 maximum peak floor acceleration across the frame 13 

𝑟 hardening parameter of the theoretical force–deflection curve of a hysteretic damper 14 

𝑅0 initial value of the curvature parameter 15 

𝑆𝑎 acceleration spectrum 16 

𝑆𝑑 displacement spectrum 17 

𝑇 fundamental period  18 

𝑇𝑒𝑓𝑓 effective period of the equivalent SDOF frame + damped brace system 19 

𝑇𝐹
∗ effective period of the SDOF main structure 20 
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𝑉𝐹 base shear force of the MDOF main structure 1 

𝑉𝐹
∗ base shear force of the SDOF main structure 2 

𝑉𝑚𝑎𝑥 averaged maximum base shear 3 

𝑉𝑝
𝐷𝐵 ultimate strength of the MDOF damped brace 4 

𝑉𝑝
∗𝐷𝐵

 ultimate strength of the SDOF damped brace 5 

𝑉𝑝
∗𝐹

 ultimate strength of the SDOF damped brace 6 

𝑉𝑦
𝐷𝐵 yield strength of the MDOF damped brace 7 

𝑉𝑦𝑖
𝐷𝐵 yield shear force of damped brace at the 𝑖th story (with 𝑖 = 1 ÷ 𝑛, where 𝑛 is the total number 8 

of floors)  9 

𝑉𝑦
∗𝐷𝐵

 yield strength of the SDOF damped brace 10 

𝑉𝑦
𝐹 base shear force at yielding of the MDOF main structure 11 

𝑉𝑦
∗𝐹

 base shear force at yielding of the SDOF main structure 12 

𝑉𝑦𝑖
𝐹  yield force of the 𝑖th story of the main structure (with 𝑖 = 1 ÷ 𝑛, where 𝑛 is the total number of 13 

floors) 14 

𝑧 distance from critical section of maximum curvature and the element point of contraflexure   15 

𝛤 participation factor 16 

𝛿𝑖 difference between two consecutive first mode eigenvector components = (𝜙𝑖 − 𝜙𝑖−1) 17 

𝛥𝑑  target inter-story drift ratio 18 

𝛥𝑖 maximum inter-story drift ratio at the 𝑖th story 19 

𝜉 structural viscous damping ratio 20 
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𝜉𝐷𝐵 equivalent viscous damping ratio of the damped brace system 1 

𝜉𝑒𝑓𝑓 required equivalent viscous damping ratio 2 

𝜉𝐹 equivalent viscous damping ratio of the main structure (unbraced) 3 

𝜉𝐹+𝐷𝐵 equivalent viscous damping ratio of the equivalent SDOF frame + damped brace  4 

𝜅𝐷𝐵 coefficient accounting for the energy dissipation capacity of the damped brace 5 

𝜅𝐹 coefficient accounting for the energy dissipation capacity of the main structure 6 

𝜇𝐷𝐵 ductility of the damped brace 7 

𝜇𝐹 ductility of the main structure 8 

𝜙𝑖 first mode eigenvector component (with 𝑖 = 1 ÷ 𝑛, where 𝑛 is the total number of floors) 9 

 10 

 11 

  12 
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