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Abstract 
The damage experienced during historical and recent earthquakes worldwide has 

continued to highlight the seismic vulnerability of existing buildings designed 

before the introduction of modern seismic design codes. 

Several innovative retrofit strategies have been developed and investigated in the 

past few decades. For some of them, the significant research efforts allowed the 

knowledge transfer from the academic research in policy-making and building 

codes, hence promoting the application of these solutions in practice. Some of these 

earthquake risk mitigation strategies include the use of passive energy dissipation 

devices and base isolation systems. 

Nevertheless, the invasiveness of the intervention still represents a significant 

limitation for the implementation of retrofitting in practice. Only a few innovative 

solutions allow operating without interrupting the activity of the building or without 

removing non-structural elements. It is noteworthy that the cost of the latter two 

aspects often represents a significant portion of the cost of the intervention. For this 

reason, there is a significant need for the development and in-depth investigations 

of modern retrofit strategies able to address these issues. 

Among others, the use of Buckling Restrained Braces (BRBs) has emerged to be 

an efficient retrofit strategy. BRBs are a type of yielding dissipative device where 

a sleeve provides buckling resistance to an unbonded core that resists the axial 

stress. As buckling is prevented, the BRB’s core can develop axial yielding in both 

tension and compression, ensuring an almost symmetric hysteretic behaviour. This 

property allows the development of large and stable hysteretic loops, providing 

significant energy dissipation capacity. When included within existing frames, the 

BRBs provide a supplemental path for the earthquake-induced lateral loads 

enhancing the structure’s seismic performance by adding strength, stiffness and 

energy dissipation capacity to the frame. BRBs are typically placed within the 

existing frames and require the demolition and reconstruction of non-structural 

components.  

The present research investigated the use of BRBs for the seismic retrofitting of 

existing steel structures, considering an external placement of the braces. This 

solution aims to minimise the intervention’s invasiveness and, consequently, 

business interruptions and indirect losses. The research is based on advanced 3D 

numerical simulations of a case study steel frame retrofitted with BRBs externally 

placed with respect to the frame. The numerical model has been validated against 

the results of large-scale Pseudo-Dynamic tests and successively used to perform 

extensive parametric analyses. The results provide valuable insights and design 

recommendations on the effective implementation of this retrofit solution.  
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1 Introduction 

1.1 Background and motivations 

Most of the existing buildings (> 80%) in Europe have been built before the 

introduction of the seismic design codes. Therefore, they exhibit low energy 

dissipation capacity and are prone to experiencing local failure mechanisms as a 

consequence of high-intensity seismic events. This has been demonstrated by the 

post-earthquake scenarios in many historical and recent events. The situation is 

similar in most seismic-prone regions worldwide. 

Among others, the recent central Italy earthquakes in 2016 have caused widespread 

damage to low-to-medium rise steel buildings that do not incorporate ductile 

seismic detailing. The insufficient lateral stiffness of existing steel frames led to 

significant lateral drifts and buckling in the steel components, especially in the 

columns. Local damage (buckling) has also been observed at the beam-column 

connections due to the strut-action induced by the masonry infills. Therefore, a 

mass-scale intervention on the existing building stock seems to be required in order 

to reach current safety standards.  

Nowadays, several effective retrofit strategies are currently available for earthquake 

risk mitigation, including passive energy dissipating devices and base isolation 

systems. Nevertheless, invasiveness of the intervention represents a common 

limitation of these methods; only a few of them allow operating without interrupting 

the activity of the building or without removing non-structural elements. It is worth 

mentioning that the latter two aspects usually account for a significant portion of 

the whole intervention cost. For this reason, the development and in-depth 

investigation of retrofit strategies that can be implemented without interrupting 

construction use still represent a significant challenge that needs to be addressed. 

To this end, within the HITFRAMES project [1], a two-story one-bay substructure 

of a prototype building retrofitted with eccentric Buckling Restrained Braces 

(BRBs), was tested at the Structures Laboratory (STRULAB) of the University of 

Patras in Greece. The prototype building under consideration has been selected to 

be representative of typical existing steel frames and consists of a multi-story steel 

Moment Resisting Frame (MRF) that was designed primarily for gravity loads with 

insufficient seismic detailing. 

Within this framework, the research activity reported in the following thesis 

investigates the effectiveness of a retrofit strategy that allows applying dissipative 

devices externally, avoiding prolonged business interruption and the related indirect 

losses. 
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1.2 Research Objectives 

The aim of this research activity is to provide advancements in the field of Steel 

Structures Rehabilitation by investigating the feasibility of an innovative low-

invasive retrofit strategy for existing steel buildings based on the use of BRBs 

placed externally to the frame plane, in continuity with the outcomes of a previous 

European Research Project HITFRAMES. To fulfil this aim, the following research 

objectives have been identified: 

• To develop a simplified numerical modelling strategy for BRB devices and 

validate it against experimental results; 

• To develop an advanced 3D non-linear numerical model of a two-storey 

steel MRF retrofitted with external BRBs and validate it against the results 

of the large-scale Pseudo-Dynamic experimental tests performed within the 

European Research Project HITFRAMES; 

• To evaluate the feasibility and effectiveness of the retrofit strategy; 

• To identify the key design parameters which affect the effectiveness of the 

intervention and perform an extensive parametric analysis to quantify their 

influence on the seismic response; 

• To define design recommendations aimed at improving the effectiveness of 

the retrofit intervention. 

1.3 Thesis Outline 

The present Thesis is organised as follows: 

• Chapter 2: covers a literature review in the fields of interest. Attention is 

first drawn to the assessment of existing steel structures, starting from the 

definition of seismic risk and concluding with a detailed description of the 

assessment procedure according to both EC8-1[2] and EC8-3[3]. 

Successively, a brief description of the main retrofit intervention strategies 

is provided. Relevance is given to the application of bracing systems as 

retrofit strategies, including an extensive description of BRBs and the 

typical connection used in conventional interventions. Finally, alternative 

solutions involving an external damping solution connected to the structure 

are presented; 

• Chapter 3: introduces the preliminary work performed within the European 

Research Project (HITFRAMES) on which this thesis lays its foundations. 

The first section presents the prototype building considered as a 

representative of typical non-seismically designed, low-ductility, low-rise 

existing steel MRFs. Then, the scaled sub-structure representing the test 

specimens is introduced in all the considered configurations: the bare and 

retrofitted frame. Furthermore, the BRB’s specifications, together with the 

material properties obtained from the coupon tests, are presented. This 
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chapter is concluded with a description of the Pseudo-dynamic tests carried 

out throughout the experimental campaign and an illustration of the test 

setup and instrumentation. Finally, different observations on the outcomes 

of the experimental test are presented; 

• Chapter 4: describes the numerical modelling and validation process 

undertaken throughout this research work. At first, the model of the bare 

frame is presented and validated against the experimental results. This task 

was essential to gain confidence in the numerical results. Then, the BRB 

frame model is described, giving particular attention to modelling the BRB 

device cyclic behaviour. The numerical models’ calibration was performed 

at the materials, components, and system level. Different modelling 

strategies were investigated to provide satisfactory solutions with regard to 

modelling accuracy and the computational effort required. Finally, the 

limitations included in the previously described models are presented, and 

different conclusions are outlined; 

• Chapter 5: identifies the key parameters affecting the effectiveness of the 

intervention and presents a parametric analysis in which the influence of 

these parameters on the structural response is quantified. Furthermore, a 

complete structure model was considered to investigate the performance of 

the retrofit system by explicitly accounting for the influence of the other 

structural and non-structural elements. The results provide valuable insights 

and design recommendations on the effective implementation of this retrofit 

solution. Finally, the main conclusions are drawn, and future works in the 

field are suggested. 
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2 Literature review 

2.1 Assessment of existing steel structures 

2.1.1 Seismic risk 

Earthquakes are among natural hazards causing the highest number of casualties 

and economic losses worldwide. However, the problem is not related to the 

earthquake itself but to its effects on the built environment. In this context, the 

seismic design of structures and infrastructures represents a crucial issue of modern 

societies. 

Seismic Risk quantification is a key aspect of seismic design. It can be defined as 

the probability of losses occurring due to earthquakes within a given period of time; 

these losses can include human lives, social and economic disruption as well as 

material damage. In order to assess seismic risk, it is useful to split it into three 

simpler assessment terms, which are interlinked but can be almost separately 

studied: seismic hazard, vulnerability, and exposure. 

Seismic Hazard may be defined as the probability of a potentially damaging 

earthquake effect (e.g., ground shaking, ground failure, etc.) occurring at a site 

within a given period of time. It is commonly expressed as a relationship between 

the level of the seismic effect and the corresponding probability of its occurrence. 

Seismic hazard is therefore considered as an external factor, i.e., not directly 

controllable except by relocating the civil works in question. 

Seismic Vulnerability is the likelihood (or probability) of the occurrence of damage 

in a building (or series of buildings) when exposed to a particular earthquake effect. 

Therefore, it is typically represented by a relationship between an intensity measure 

of the earthquake effect and the level of damage expected. The latter definition (in 

terms of structural damage) is what is typically used by engineers. However, it is 

worth mentioning that vulnerability is usually seen as a function of fragility 

(expected damage in different types of buildings given different levels of 

earthquake ground motion) and damage cost (expected cost of repair, downtime, or 

human casualties, given different levels of damage). It is clear that vulnerability 

assessment and control, e.g., through seismic design, is an earthquake engineering 

competence. 

Exposure quantifies the number of people and buildings, the amount of commercial 

and industrial activity, and the amount and type of important infrastructure and 

constructions concentrated in the area assessed. It can be seen as a vulnerability 

consequences (losses) measure. It is worth mentioning that exposure depends on 

the function of the structure and the items it may contain. For example, two identical 

structures with different uses, a warehouse and a school, given all other conditions 
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being equal, are unlikely to be characterised by the same exposure for seismic risk 

assessment purposes. Therefore, exposure is a strictly anthropogenic factor and thus 

considered controllable [4]. 

Seismic Risk reduction strategies are based on the reduction of the individual factors 

mentioned above. As previously mentioned, the Seismic Hazard of a site is an 

external factor; therefore, it is only possible to act on it by trying to refine the 

seismic classification of the territory. Despite being an anthropogenic factor, the 

only way to reduce the Exposure would be to declassify particularly vulnerable 

buildings. However, this will not provide an effective solution to the problem. 

Therefore, operating on the reduction of the Seismic Vulnerability represents the 

only effective solution. This can be achieved in several ways, and many research 

studies investigated the problem offering different solutions. Among others, 

common aspects of these strategies include 1) removing the criticalities (elements 

of vulnerability) of the construction; 2) increase of the global capacity of the 

structure. Retrofit strategies, in agreement with the objectives for new 

constructions, aim at meeting different performance objectives with respect to 

different seismic intensities established according to the Performance-Based 

Earthquake Engineering (PEER)Framework [5–8]. 

2.1.2 Assessment of existing buildings 

This section aims at providing the essential background information on 

standardised procedures for the seismic assessment of existing steel MRFs based 

on the Eurocode 8–Part 3 (EC8–3) [3]. In this regard, comparisons will also be made 

with some recommendations from Eurocode 8–Part 1 (EC8-1) [2]. 

It is worth noting that while EC8-1 aims to guide the seismic design for new 

structures, the EC8-3 represents the main European reference for the assessment 

and retrofit of existing structures. Therefore, although these two codes have a 

common background, their aims are slightly different, thus resulting in some 

substantial differences that affect both structural analysis and verification. 

It is noteworthy that the performance-based approach is the most widely used 

design and assessment technique in current regulations worldwide. This method 

aims at requiring different levels of performance in the structure for different levels 

of seismic intensity. To this aim, several limit states are defined. 

The EC8–3 defines three limit states, namely Damage Limitation (DL), Significant 

Damage (SD) and Near Collapse (NC) limit states. On the other hand, the EC8–1 

considers two limit states only, namely Damage Limitation (DLS) and Ultimate 

(ULS) limit states. As summarised in Table 2-1, each limit state has a specific 

seismic hazard against which the structure under consideration must be designed or 

assessed. 
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Table 2-1 Return period and probability of exceedance for limited states in EC8-3 and EC8-1 

 EC8-3 EC8-1 

Limit States DL SD NC DLS USL 

Return Period 225 yrs. 475 yrs. 2475 yrs. 95 yrs. 475 yrs. 

Pfailure 20% in 50yrs 10% in 50yrs 2% in 50yrs 10% in 10yrs 10% in 50yrs 
 

Table 2-1 shows that substantial differences exist between the limit states 

considered in the two codes. Regarding the Damage Limit state (DL), the two codes 

differ for the return period considered. This aspect can be explained by their 

different purpose. On the one hand, the EC8-1 considers more frequent earthquakes 

at the DLS in order to limit the reparation cost of the non-structural components in 

newly designed structures. On the other hand, the EC8-3 states to limit structural 

damage for a rarer seismic event. Concerning USL and SD limit states, the two 

codes are similar; since these two limit states have almost the same objectives, they 

also are associated with the same return period. In contrast, considerable differences 

exist between the two codes regarding the NC limit state, which is not defined in 

EC8-1. This can be explained because EC8–1 is a design code which prescribes the 

design and detailing rules that ensure adequate sources of ductility and overstrength 

to cover the demand at NC. Therefore, the code is calibrated to implicitly satisfy 

the performance at NC because the designer has to comply with specific measures 

that are properly (or supposed to be) calibrated by the code drafter. On the contrary, 

the EC8–3 deals with existing structures that are not code-compliant. Therefore, it 

is explicitly necessary to assess their performance at NC as well. 

The assessment procedure begins with the definition of the knowledge level (KL). 

The EC8-3 identifies three KLs to account for the epistemic uncertainties related to 

the existing building (e.g., lack of information on geometry, material properties, 

detailing, etc.). Depending on the level of knowledge achieved, different types of 

analysis are allowed. In particular, linear analysis methods are allowed for all three 

KLs, while non-linear approaches are only allowed for “normal knowledge” (KL2) 

and “full knowledge” (KL3). In addition, each knowledge level is associated with 

a confidence factor (CF) that must be used to reduce the mean value of the material 

strength. The CFs are 1.35, 1.20 and 1.00 for KL1 (i.e., “limited knowledge”), KL2 

and KL3, respectively. Therefore, this approach encourages the practitioner to 

collect additional, detailed information about the structure to reduce the 

conservatism of the assessment. At this stage, the numerical model of the structure 

can be defined with the modified material properties. 

Once identified the knowledge level and created the structural model, it is necessary 

to define the seismic demand. As mentioned above, KL1 only allows the use of 

linear analyses, such as lateral force procedure (LF) or Modal Response Spectrum 

analysis (MRS). On the other hand, for KL2 and KL3, non-linear analysis methods 

such as Non-linear Static (pushover) Analysis and Non-linear Time-history 

Analysis may also be used. 
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However, given that time-history analyses generally involve a higher computational 

work, the pushover analysis procedure has become the most widely used analysis 

method within the context of the seismic assessment of existing structures. 

According to EC8-3, two lateral load patterns need to be applied in pushover 

analysis, named “uniform” and “modal”. The “uniform” distribution is 

characterised by the assumption of uniform displacements over the height, while 

the “modal” distribution must be consistent with the force distribution that would 

be adopted in a linear, static or dynamic analysis. In the first case, the distribution 

of forces turns out to be similar, through the mass matrix, to a linear distribution of 

displacements; it is worth noting that this distribution can be adopted only if the 

applicability conditions of the linear static analysis are satisfied. In the second case, 

the force distribution adopted is similar to the shape of the first mode of vibration. 

It is worth noting that the EC8-3, in contrast to the EC8-1, requires that whenever 

the fundamental period of the structure exceeds 2 seconds or 4Tc, an analysis that 

explicitly takes into account the contribution of higher modes (multimodal analysis) 

or a non-linear time-history analysis must be used. However, at the end of this 

procedure, it is possible to obtain the capacity curve of the structure. At this stage, 

the seismic demand is determined through the N2 method [9], which transfers the 

structures into an equivalent SDOF system based on the first mode shape and 

compares it with the target response spectrum in the ADRS plane. 

On the other hand, the time-history analysis turns out to be more complex since it 

requires an accurate definition of the non-linear hysteretic behaviour of components 

calibrated against experimental results. In this regard, the EC8-3 requires at least 

three ground motion records to be considered whose mean response spectrum turns 

out to be consistent with the target spectrum, i.e., the mean spectrum should not be 

less than 90% of the target spectrum within the range [0.2T1, 2T1], where T1 is the 

fundamental period of the structure. In addition, it is worth mentioning that EC8-3 

also requires to apply simultaneously two horizontal ground motions when a spatial 

model is used in the analysis. 

In the final stage of the assessment procedure, it is necessary to verify that the 

required performance levels are guaranteed. This is achieved by comparing 

appropriate Engineering Demand Parameters (EDPs) obtained from the analysis 

(demand) against acceptance criteria (capacity) for the desired performance level. 

The acceptance criteria for seismic performance may vary depending on whether 

static or dynamic nonlinear analysis is used and how uncertainties associated with 

the demands and acceptance criteria are handled. For example, the component 

models, demand parameters, and acceptance criteria used in nonlinear static 

procedures need to implicitly account for cyclic degradation effects that are not 

modelled in the static analysis. On the other hand, some dynamic analysis models 

may directly incorporate degradation due to cyclic loading, in which case different 

models and acceptance criteria may be used [10]. 
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Acceptance criteria for structural components are generally distinguished between 

“deformation-controlled” (ductile components that can tolerate inelastic 

deformations) and “force-controlled” (non-ductile components whose capacities 

are governed by strength). Consequently, when a KL1 is reached (and hence the 

structure evaluation is carried out using linear analysis methods), force-based safety 

checks are conducted because a linear analysis does not allow reliable estimation 

of capacity and demand displacements. On the other hand, where a KL2 is reached, 

the use of non-linear analysis allows the displacement demand to be derived. 

Therefore, with reference to this displacement demand, the safety verifications for 

the given limit state considered are carried out in terms of displacement (for ductile 

elements/mechanisms) and forces (for brittle elements/mechanisms). 

In steel MRFs, the EDPs related to the main damage patterns and conventionally 

considered by assessment codes include the chord rotations in beams and columns 

and shear strain in panel zones. An extensive discussion on the capacity limits for 

these EDPs can be found in [11] . 

2.2 Retrofit strategies 

2.2.1 Introduction 

The retrofit intervention allows for increasing the safety level of the existing 

structure (Figure 2-1) and could be classified into two categories: 

• Upgrading interventions, which increase the safety level of the building, while 

keeping it below the unit, i.e., without reaching the minimum safety level for 

new buildings; 

• Retrofitting interventions allow reaching the safety level of a new building 

(equal to or higher than 1) required by the current standards. 

 

Figure 2-1 Miglioramento ed adeguamento sismico 

At this point, it is up to the engineer and the owner to decide which type of 

intervention is suitable. After setting a target, i.e., the safety level desired, several 

intervention strategies are available to achieve it. A brief outline of the actual 

retrofit strategies will be provided in the following. 
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2.2.2 Classification 

Classifying seismic interventions is not an easy task because most of them modify 

the seismic behaviour of the structure in several aspects at the same time. Therefore, 

there is no single way to carry out this classification. However, it is indispensable 

to give a clear overview of possible interventions. Thus, in the following, the 

different types of intervention will be differentiated according to their main effects 

on the structure. 

When the assessment process of an existing structure is completed, a situation 

similar to the one shown in Figure 2-2 is likely to be obtained. The intersection of 

the radial line corresponding to the elastic period of the idealized bilinear system 

(T*) with the elastic demand spectrum (Sae) defines the acceleration demand 

(strength) required for elastic behaviour and the corresponding elastic displacement 

demand (Sde). The yield acceleration (Say) represents both the acceleration demand 

and the capacity of the inelastic system. The inelastic displacement demand (Sd), as 

well as the ductility demand (µ), can be obtained by applying the Rµ-µ-T relations 
[12]. At this stage, the performance point (i.e. the inelastic demand in terms of 

acceleration and displacement that the structure has to guarantee) corresponds to 

the intersection point of the capacity curve with the demand spectrum 

corresponding to the ductility demand (µ) [9]. For existing structures, it is extremely 

likely that the capacity curve does not reach the performance point (i.e., the 

displacement capacity Dc is smaller than the displacement demand Sd). 

Considering that the response of a structure subject to seismic actions depends on 

its strength, stiffness and ductility, in order to seismically rehabilitate existing 

deficient structures, it would be possible to modify these three parameters and/or 

reduce the input actions. In a more general way, in order to increase the safety level, 

two different ways can be followed: increasing capacity or reducing demand. 

 

Figure 2-2 Comparison between capacity curve e demand spectrum in ADRS plane (T*>TC) 

(Adapted from Fajfar, 2000[9])  

The increase of the Seismic Capacity can be achieved through two different 

strategies: 
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• by increasing the strength of the structure (capacity to carry higher spectral 

accelerations); 

• by increasing the ductility of the structure. It is worth mentioning that this 

strategy also allows the increase of the energy dissipation capacity and 

hence a reduction of the seismic design forces. 

The reduction of the Seismic Demand can be achieved through two different 

strategies: 

• by reducing energy input; 

• by increasing energy dissipation. 

Accordingly, a classification of interventions can be carried out, distinguishing 

between interventions aimed at increasing capacity and interventions aimed at 

reducing demand. 

For steel structures, some typical capacity-increasing interventions include the 

introduction of welded or bolted plates in order to increase the frame elements' 

cross-sectional area and/or node stiffness, the introduction of bracing systems, and 

the implementation of exoskeletons. On the other hand, demand-reducing measures 

include mass reduction, base isolation, and the introduction of dissipative devices.  

However, it is worth mentioning that usually, interventions achieve the result 

through a combination of these effects. As an example, the ductility of a structure 

can be increased by increasing the ductility of its elements; however, such 

operations generally also increase its strength and/or stiffness. 

Within this thesis, the feasibility of a retrofit strategy involving BRBs placed 

outside the frame plane is investigated. The use of a steel bracing system, i.e., 

capacity-increasing systems, within the existing structure, allows to enhance its 

strength, stiffness, and sometimes modify its seismic response. On the other hand, 

the introduction of dissipative elements, i.e., demand-reducing systems, into the 

bracing system allows for improving its dissipative capacity. Moreover, arranging 

these systems outside the frame plane minimises the invasiveness of the 

intervention and avoids business interruption. Therefore, the investigated solution 

is characterised by multiple advantages. 

2.2.3 Bracing systems 

Bracing systems are, among the possible retrofit solutions, a simple and effective 

retrofit system, especially when it is necessary to limit storey drifts. This is because 

they allow the structure to resist horizontal forces through complete truss action. 

The aim of bracing structures is to design systems that are both strong enough to 

withstand seismic forces and sufficiently light to preserve existing structural 

elements from requiring further reinforcement [13]. 
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The usual way to seismically protect both new and existing framed structures is by 

using concentrically braced steel members arranged in a network of frames 

(Concentrically Braced Frame - CBF), according to single bracing, cross bracing, 

chevron bracing, and any other concentric bracing scheme. Although these systems 

provide high lateral stiffness and strength under moderate earthquakes, the low 

dissipation capacity of the whole system due to brace buckling under strong 

earthquakes must be considered. (Figure 2-3a). 

 

Figure 2-3 Traditional and dissipative bracing system (from D’Aniello et al. [13]) 

In seismic retrofitting, besides strengthening the existing frame, the overall seismic 

performance of the structure must be improved, including dissipative capacity. 

Therefore, the aforementioned drawback must be avoided by preventing buckling 

and premature failure of braces. This can be achieved by placing in the conventional 

bracing system some special devices that dissipate the input seismic energy before 

severe damage to the primary structure occurs. In Figure 2-3b, some solutions to 

modify an ordinary bracing system into a dissipative bracing system are shown in 

a schematic manner. One of several advantages of such systems is that these devices 

are designed to be replaceable after possible earthquake damage. 

Another way to improve the cyclic performance of traditional cross-bracing 

systems is based on the use of special types of bracing members, which are 

notoriously called Buckling-Restrained Braces (BRBs) [14] or also Unbonded Brace 

(UB) [15]. Figure 2-4 shows examples of BRB frame configurations [16]. 

 

Figure 2-4 Examples of BRB configurations. (from Kersting et al.[16]) 
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2.2.4 Buckling Restrained Braced Frames 

2.2.4.1 General characteristics of dissipative structural solutions 

Dissipative structural solutions were first introduced into earthquake engineering 

as an alternative to the traditional linear elastic design in the second half of the 20th 

century.  

These systems aim at dissipating most of the kinetic energy transmitted by an 

earthquake by exploiting the material’s non-linear behaviour (especially if it is 

made of metal such as steel) or by using damping devices. Energy dissipation leads 

to a mitigation of seismic effects and eventually to more economical structural 

solutions.  

Concerning structures that dissipate energy by taking advantage of the material, 

inelastic behaviour is concentrated in the so-called dissipative zones to provide the 

designer control over the expected global mechanism and avoid premature failure. 

Beams end in MRFs, and diagonal braces in CBFs are an example of these 

dissipative zones. To provide adequate resistance after yielding, the dissipative 

member is required to have sufficient inelastic capacity in terms of both force and 

displacement. 

As a consequence of yielding, the stiffness of the dissipative element decreases 

considerably. This may result in a reduction of the overall building stiffness with a 

consequent variation of its dynamic properties (period elongation). In particular, an 

elongation of the structure's vibration period corresponds to a reduction in spectral 

acceleration and an increase in spectral displacement. Therefore, a dissipative 

system must have a large deformation capacity at both local (element) and global 

(structural) levels. According to current earthquake engineering standards, the 

advantageous ductile behaviour of dissipative frames can be taken into account 

through the behaviour factor, which allows reducing the demand spectrum by 

taking into account the dissipative capacity of the structure. 

2.2.4.2 Buckling restrained brace 

Buckling Restrained Brace (BRB) represents a relatively innovative component for 

braced frames that typically concentrate dissipative zones in their diagonal braces, 

i.e., Buckling Restrained Braced Frames (BRB frame). The main advantage of 

BRBs over a conventional steel brace is their balanced hysteretic cycle. 

Due to their typically high slenderness, conventional steel braces buckle before 

reaching their yield point under compression. They are therefore characterised by 

cyclical degradation and a limited energy dissipation capacity. On the other hand, 

BRB buckling is prevented by its special configuration, and, as a result, it does not 

exhibit any degradation of stiffness and strength [17–19]. Such different behaviour 

under cyclic axial load is shown in Figure 2-5 [20]. 
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Figure 2-5 Traditional brace vs buckling restrained brace (from Ballio et al.[20]) 

The same advantage is also achieved when BRB bracing is included in the complete 

structural scheme (Figure 2-6) [20]. 

 

Figure 2-6 Advantages of BRB bracing on structural cyclic behaviour 

(from Ballio et al[20]). 

It is worth mentioning that, usually, the BRB cyclic behaviour turns out to be 

asymmetrically characterized by an ultimate compressive force of 10-15% higher 

than the ultimate tensile force. This is related to friction between core and sleeve as 

well as nonlinear geometric effects in compression given by limited buckling made 

possible by the clearance left between the core and the sleeve [21]. 

A typical BRB configuration is illustrated in Figure 2-7. The main component of 

this dissipative device is its ductile steel core, which is designed to yield both in 
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tension and compression. In order to avoid buckling in compression, the steel core 

is placed inside a steel tube filled with mortar. In addition, to prevent the 

contribution of the casing to the axial load resistance, the core and the casing are 

decoupled by a gap (filled with unbonding material or left empty). It is worth 

mentioning that the gap must be designed to accommodate the expansion of the 

steel core due to the Poisson effect in compression.  

 

Figure 2-7 Concept type of buckling-restrained brace (from Freddi et al.[22]) 

Figure 2-8 shows the main components of a BRB. The following portions can be 

identified [23]: 

• Restrained yielding segment: this steel segment can be rectangular or cruciform 

in cross-section. Given that this segment is designed to yield under cyclic 

loading, mild steel that exhibits high ductility is generally preferred. In addition 

to this, to ensure a reliable capacity design of the frame equipped with BRBs, 

steel materials with a predictable yield strength with small variations must be 

favoured; 

• Restrained non-yielding segment: this segment, surrounded by the casing and 

the mortar, is generally an extension of the restrained yielding element but with 

an enlarged reinforced area to ensure a fully elastic behaviour; 

• Unrestrained non-yielding segment: this segment is the projection of the steel 

core from the casing and mortar, which ensures the connection (generally 

pinned) with the frame; 

• De-bonding agent and expansion material: an inert material (rubber, 

polyethylene, mastic tape or silicon grease) is required to reduce the transfer of 

shear forces between the restrained yielding segment and the mortar. The air 

gap must be large enough to allow for the expansion of the steel core in 

compression but not that much large to increase the buckling amplitude of the 

steel core; 

• Buckling-restrained mechanism: the system is made of mortar, and the external 

casing prevents the buckling of the inner steel core [24]. 
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Figure 2-8 Common BRB assembly (from Kersting et al.[16]) 

The use of BRBs has gained popularity worldwide, especially in Japan, USA, Chile 

and New Zealand [25] in the last two decades for both new constructions and 

rehabilitation of existing buildings, given that: 

• Frames incorporating BRBs can rely on a higher elastic lateral stiffness at low 

levels of seismic input compared to steel MRFs, making it extremely easier to 

meet code drift requirements [26]; 

• The low hardening of the post-elastic branch in BRBs’ constitutive law 

maximises their energy dissipation. This effect, combined with the prevention 

of buckling in compression, ensures a large and stable dissipation for frames 

with BRBs even at high levels of seismic input [27]; 

• BRBs act as a replaceable structural fuse, minimising damage to other elements 

(assumed that capacity design provisions keep the latter in the elastic regime). 

Therefore, the reparability of damaged BRBs significantly increases the 

resilience of the global system. 

However, regardless of the several advantages previously mentioned, a limitation 

in the application of BRBs has been generally observed in Europe. This mainly 

accounts for the lack of specific Eurocodes provisions addressing the design of 

frames incorporating BRBs. Codification of Eurocode conforming design of BRB 

frames has been recently proposed in some research works [28], but European 

practising engineers can currently rely on American AISC 341-16 [29] and ASCE 7-

10 [30] standards and on some technical guidelines, as the NEHRP Report 11 [16], 

only. 
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2.2.4.3 Connections 

Usually, steel braces are introduced within steel structures through gusset plates. 

The design and details of the gusset plate connections are one of the most delicate 

aspects of BRB frame systems. Although the excellent ductility capacity of isolated 

BRBs has been clearly established, the ability of BRBs to develop their full ductility 

when installed in frames is greatly affected by the adopted connection type. Several 

large-scale test of BRB frames characterised by bolted connections, stiff beam-

column-brace connections and long brace-gusset plate connection regions [31] [32] 
[33] [34] [35] [36], demonstrated the development of failure modes that prevented the 

ductility capacity of BRB from being fully utilised. The above types of BRB frames 

exhibited reasonable performance for story drifts up to 0.02 rad, while gusset plate 

distortion and brace instability have been observed for story drifts between 0.02 and 

0.025 rad. An example of these connection types is represented in Figure 2-9a.  

As a result of these studies, special attention was given to the beam-column-brace 

connections. Among others, Fahnestock et al. [37] tested a connection detailed to 

allow rotation while limiting flexural demands on the connection regions (Figure 

2-10a). The ‘true’ pinned brace-gusset connection allows limiting the moments on 

the BRB caused by the beam-column connection region, while the bolted beam 

splice limits the moment developed in the beam and column at the beam-column 

connection region. In order to isolate the contribution of the pinned connection, 

another type of connection was tested in which full-penetration groove welds were 

used to join the beam to the beam stubs, simulating a continuous beam (Figure 

2-10b). Both connection types have shown excellent performance, exhibiting only 

a lower yield for story drift of about 0.048rad, thus demonstrating that short and 

stocky connection regions and pinned BRB connections with end collars prevented 

the undesirable failure modes observed in previous BRB frame test. 

 

Figure 2-9 BRB frames connection details: continuous beam, bolted brace  

(from Aiken et al.[31]) 
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Figure 2-10 BRB frame connection details: (a) bolted spliced beam, pinned brace; (b) welded 

spliced beam, pinned brace. (from Fahnestock et al.[37]) 

Guidance on the design of gusset plates in BRB frames can be found in AISC 

standards [29]. However, it is worth mentioning that BRB frame gusset plates are not 

intended to develop a hinge zone the way CBF (concentrically braced frames) 

gusset plates are detailed to develop. In CBFs, gusset plate hinging is part of the 

brace buckling mechanism, but in BRB frames, the design objective is to limit the 

inelastic deformation to the BRB cores [16] . Thus, in BRB frames, bracing 

connections must not yield at force levels corresponding to the yielding of the steel 

core; they are therefore designed for 1.1 times the adjusted brace strength in 

compression [29]. 

2.2.5 Alternative external solutions 

The above-mentioned damping system is traditionally installed within a newly 

designed, as well as existing buildings, in either diagonal or chevron brace 

configurations connecting adjacent storeys (Figure 2-4). Although multiple studies 

demonstrated the effectiveness of retrofitting existing structures with BRBs (e.g., 
[38]), as well as other damping systems, the use of these dissipative devices is often 

precluded by the long business interruption associated with their installation and 

related high indirect losses. In fact, the installation of these devices in the exterior 

frames of multi-storey buildings necessarily entails the removal of the infills and 

the consequent use interruption of the construction. To overcome this issue, several 

innovative configurations have been investigated in the last few years, e.g., devices 

utilized within an “exo-skeleton” or connecting the structure to “external dissipative 

bracings” [22]. 

“Exoskeletons” represent a global retrofit intervention type consisting of adding an 

additional structural system linked sideways to the existing building and optionally 

provided with an independent foundation system [39]. The aim of this intervention 

is to link the existing structure (primary structural system), designed for gravity 
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loads only, to a different structure (secondary system) capable of dissipating the 

seismic input energy. When properly designed, this system allows the primary 

structure to remain in the elastic range under an earthquake, while the secondary 

structure goes into the plastic range. Thus, the global response of the structural 

system can be assumed as the sum of the structural responses of the individual 

systems (Figure 2-11). When exoskeletons are equipped with dissipative devices, 

the latter are introduced within the diagonals along with the outer frames of the 

structure. 

 

Figure 2-11 Typical framed structures with dissipative diagonal braces placed externally (exo-

skeleton). (from Di Sarno et al.[38]) 

“External dissipative bracings”, as well as exoskeletons, are structural systems 

connected to the structure but always provided with their own foundations. This 

type of intervention provides a very flexible family of solutions that can be grouped 

into three main categories characterized by different kinematic behaviour (Figure 

2-12). 

In the first arrangement (Figure 2-12a), the dampers are placed horizontally at floor 

level, and the links are activated by the relative displacements between the frame 

and the external structure. An alternative arrangement consists of coupling the 

frame with an external shear deformable bracing structure (Figure 2-12b). The new 

and existing structures are connected at the storey level, and the dissipative devices, 

incorporated in the diagonal braces of the new structure, are activated by the relative 

displacements between adjacent floors, as in the more traditional case of dissipative 

braces placed within the existing structure. A third arrangement, denoted as 

‘dissipative tower’, consists of external stiff bracings linked to the frame at the 

storey level and connected to the foundations by a hinge (Figure 2-12c). The energy 

dissipation is provided by dampers placed at the external frame base and activated 

by rocking motion. 
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(a)  

 

(b)  

 

(c)  

 Figure 2-12 Illustration of three categories of external dissipative systems: (a) dampers 

placed horizontally at the storey level between the frame and an external stiff contrasting 

structure; (b) dampers incorporated within a new shear deformable structure; (c) pinned 

rocking bracing with dampers located at the base (from Gioiella et al.[40]). 

Concerning retrofit interventions with exoskeletons and external dissipative 

bracings, several critical aspects may compromise the effectiveness of the 

intervention and thus require further investigation. Among others, it is worth 

mentioning the importance of the connection between the two resistant systems. 

Within this research work, the feasibility of a retrofit intervention by means of the 

BRBs incorporation into the diagonals of an exoskeleton is investigated, paying 

particular attention to the effects caused by the connection type used. 
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3 Case study and Experimental Test 
The present research study is based on the experimental work that was carried out 

within the HybrId Testing of an Existing Steel FRAme with Infills under Multiple 

EarthquakeS (HITFRAMES) research project funded by the European Union as 

part of the Seismology and Earthquake Engineering Research Infrastructure 

Alliance for Europe (SERA) project. 

3.1 Sera Project 

The Seismology and Earthquake Engineering Research Infrastructure Alliance for 

Europe (SERA) aims to reduce the risk posed by natural and anthropogenic 

earthquakes based on innovative research and development projects. Specifically, 

the SERA project: 

• collaborated with researchers involved in previous seismology and earthquake 

engineering projects like EPOS, NERA, SHARE, SERIES, NERIES, and 

SYNER-G; 

• facilitated access to ten high-class experimental facilities such as shaking tables 

and reaction walls; 

• offered access to data and products in seismology and anthropogenic seismicity 

in Europe; 

• promoted multi-disciplinary science across the domains of seismology, 

anthropogenic seismicity, near-fault observatories, and deep underground 

laboratories to achieve an improved understanding of earthquake occurrence; 

• facilitated collaboration and innovations in the fields of deep seismic sounding, 

experimental earthquake engineering, and site characterization. This objective 

is pursued by expanding the access to seismological observations and 

infrastructures as well as by strengthening exchange within the expert 

community.  

SERA was a Horizon 2020-supported programme and involved in the Transnational 

Access (TA) framework 44 user groups composed of 261 EU and extra-EU talented 

researchers. 
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3.1.1 HITFRAMES Project 

The HITFRAMES research project is one of the proposals chosen to be part of the 

SERA project. (L. di Sarno1, R. Landolfo2, M. D’Aniello2, F. Freddi3, M. Dolsek4, 

O-S. Kwon5, S. Bousias6, J. Wu1, F. Gutierrez-Urzua3, E. Strepelias6, X.Palios6, N. 

Stathas6). 

Given that current provisions in Europe for the seismic performance assessment of 

existing steel structures are scarce and do not take into account the presence of 

masonry infill, it appeared necessary to provide effective methods for the seismic 

assessment and retrofit of existing non-compliant steel structures. To this end, the 

HITFRAMES project aimed at four major objectives: 

• To develop reliable methods for the seismic assessment of existing steel frames, 

especially under earthquake sequences; 

• To develop design procedures for buckling restrained braces (BRBs) 

considering the contribution of masonry infills to the lateral load resisting 

system; 

• To evaluate the effectiveness of BRBs as a seismic retrofitting measure; 

• To derive fragility curves for existing steel frames with infills and systems 

retrofitted with BRBs and infills, also considering the effects of earthquake 

sequences. 

In order to pursue these objectives, a two-storey steel MRF designed primarily for 

gravity loads with insufficient seismic detailing was assessed through pseudo-

dynamic (PsD) tests at the Structures Laboratory (STRULAB) of the University of 

Patras, Greece, which is one of the few European laboratories employing the PsD 

testing method with sub-structuring hybrid simulations.  

Based on the characteristics observed in the existing steel frames in Amatrice [41] 
[42], the selected case study building was considered representative of non-

seismically designed steel frames. Within the HITFRAMS project, two case study 

building configurations were considered, the prototype and the tested mockup. The 

prototype building is comprised of two storey, three bays and one bay in the 

longitudinal and transverse directions, respectively. On the other hand, the tested 

building was a two-storey one-bay substructure obtained scaling the prototype 

building. Three configurations of the test specimen were involved in this project, 

namely bare frame, infilled frame and retrofitted frame. The bare frame and infilled 

frame were tested as 3D frames, while the retrofitted frame, which comprised of the 

bare frame and the retrofitted frame with BRBs, was tested as a 2D frame. The 
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2 University of Naples, Federico II, Italy 
3 University College London, UK 
4 University of Ljubljana, Slovenia 
5 University of Toronto, Canada 
6 Structures Laboratory, University of Patras, Greece 
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present study is based on the experimental results obtained by testing the retrofitted 

frame. Therefore, only this test will be described in the following. 

3.2 Experimental Test 

3.2.1 Test prototype building 

The prototype building, identified as a representative of a non-seismically designed, 

low-ductility, low-rise steel building, is a two-storey, three-bays by one-bay MRF 

steel frame. In accordance with Eurocode 3 (EC3), the building was designed for 

gravity loads only and without sufficient seismic details. Given that the EC3 does 

not prescribe accounting for wind loads in low-rise steel structures design, the case 

study steel frame completely lacks a lateral loading resisting system. The gravity 

design was conducted considering a non-structural permanent load, i.e., walls and 

other finishing, including internal partitions, equal to 2.58 kN/m2, while the 

considered use category was “offices area” and hence the characteristic value of the 

imposed load was assumed equal to 3 kN/m2.  

The storey height of the prototype building is 3.4 m, with slight variations between 

the two stories. The bay is 8.65 m and 4.65 m in the longitudinal and transverse 

directions, respectively. Figure 3-1 shows an overview of the structural system both 

in plan and in elevation, including the main geometric parameters and section 

members. The steel profiles are HE 220 A, IPE 240 and IPE 160, respectively, for 

columns, primary and secondary beams. The steel grade is S355 (fy = 355 MPa) for 

all beams and columns. All external beams are connected to columns through full 

penetration welds. It is worth mentioning that fully rigid beam-column connections 

are considered in this study. The floor system was designed as a composite slab 

with a cold-rolled steel sheet base (t = 1.25 mm) and a 200-mm-deep concrete slab 

with M19 shear studs at each valley or 300 mm, depending on the steel sheet rib 

orientation. Concerning masonry infills, it consists of two parallel layers of 

perforated bricks separated by insulation materials, each of which has a thickness 

of 58 mm. According to the final design and considering the EC8–1 [2] seismic 

combination, the building’s storey mass is equal to 117.0 and 95.0 tons, 

respectively, for the first and second storey.  

In order to investigate the performance of the structure in its weaker and more 

deformable direction, the steel frame was tested under a horizontal load in the x-

direction, as indicated in Figure 3-1, where the columns are oriented with their weak 

axis. 
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Figure 3-1 Global geometry of the prototype building: plan view and elevations (unit: mm) 

(from Di Sarno et al. [1]) 

 

3.2.2 The test specimen 

The tested structures were designed and built based on the typical construction 

techniques of European construction companies. Therefore, the steel frames were 

welded and prepared in the manufacturer’s workshop, brought to the site and 

assembled directly in the lab. 

3.2.2.1 Bare frame 

The test specimen represents a single span of the prototype building’s outer frame 

scaled by 75% (i.e., scaling factor λ = 0.75). The modelling scaling is based on the 

material and acceleration scaling identity [43]. The scale factor adopted was selected 

on the basis of laboratory constraints and considering that typically a scale factor 

greater than 0.6 appears to be adequate to allow the test to correctly reproduce the 

seismic response of steel frames. Regarding material stress, a unite scale factor was 

adopted; this represents a common and convenient choice as it allows overcoming 

the difficulties in replicating the mechanical properties of the prototype building 

(e.g., Poisson ratio, stress-strain relationships, etc.). The list of the scaling factors 

for the similitude between the prototype building and test frame is shown in Table 

3-1. 
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Table 3-1 Similitude scaling factors with λ = 0.75 

Parameter Scaling factor 

Density λ-1 = 1.33 

Stress, strain, angular deformation and acceleration λ0 = 1 

Period, time and velocity λ1/2 = 0.87 

Length, linear deformation and stiffness λ1 = 0.75 

Force, weight, mass and area λ2 = 0.56 

Volume, section moduli and moment λ3 = 0.42 

Moment of inertia λ4 = 0.32 
 

 

The correlation between the prototype building and the test specimen is shown in 

Figure 3-2. The test mockup has a storey height of 2.5 m and a span of 3.5 m. 

Geometric properties of the case study frame before and after scaling are 

summarised in Table 3-2. Profiles HE 180A and IPE 200 were used for columns 

and primary beams, respectively. The test specimen, together with the shear wall 

and the actuator, is shown in Figure 3-3. The external beams were connected to 

columns through full penetration welds, and stiffeners were used to increase the 

connection rigidity, as shown in Figure 3-4a.  

 

Figure 3-2 Plan and side views of the test specimens (unit: mm)  

(Adapted from Di Sarno et al.[1]) 

 

Table 3-2 Geometric properties of the case study frame before and after scaling. 

 Unite Prototype building Lab specimen 

Storey height [m] 3.4 2.5 

Span [m] 4.65 3.5 

Column [-] HE 220A HE180A 

Main beam [-] IPE 240 IPE 200 
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(a) 

 

 

Figure 3-3 Test Specimen: (a) frontal view; (b) lateral view 

(b) 
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Figure 3-4 Position of stiffeners at the beam-column connection  

 

3.2.2.2 Retrofitted frame 

The retrofitted frame represents the second test specimen assessed within this 

project. The bare frame previously described was retrofitted through BRBs. The 

retrofit design was done in accordance with a simplified code-based design 

approach. To this aim, the structure was considered to be located in Central Italy, 

and therefore the retrofit design was carried out following the recommendations of 

the Eurocode 8-Part 1 (EC8-1) [2] and Eurocode 3 Part 1-1 (EC3-1-1) [44]. The design 

is performed for the Ultimate Limit State (i.e., probability of exceedance of 10% in 

50 years), considering a Type 1 spectrum, with soil Type B, and Peak Ground 

Acceleration (PGA) equal to 0.25g. The structure is designed by considering a basic 

behaviour factor q0 = 3. Compared with commercial catalogues, the design requests 

led to the choice of a BRB device whose characteristics are shown in Figure 3-5 

and Table 3-3. 

 

Figure 3-5 BRB device properties: (a) cyclic behaviour; (b) geometric characteristics 
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Table 3-3 BRB device properties 
 

Device F1 Ke d1 F2 d2 FC(3) FC(max) Fy 

[-] [kN] [kN/mm] [mm] [kN] [mm] [kN] [kN] [kN] 

BRAD  178 88 2.02 194 20 210 235 143 

 

Table 3-4 BRB device properties 
 

Device LBRAD L’BRAD ΦBRAD A B PBRAD 

[-] [mm] [mm] [mm] [mm] [mm] [kg] 

BRAD 1585 1535 168 190 230 132 

Where: 

• F1: yield strength (T/C) at 3rd cycle at displacement d2; 

• Ke: elastic branch stiffness; 

• d1: yield displacement; 

• F2: average maximum force (T/C) at displacement d2; 

• d2: maximum design displacement; 

• FC (3): compressive force at 3rd cycle at displacement d2; 

• FC (max): maximum compressive force at displacement d2; 

• Fy: first yield strength; 

• LBRAD: device length BRAD; 

• L'BRAD: device length BRAD to bolt centre of gravity; 

• ФBRAD: retaining pipe diameter; 

• A: smaller side of anchor flange; 

• B: larger side of anchor flange; 

• PBRAD: device weight; 

It is worth mentioning that the yield strength at 3rd cycle (F1) is calculated as the 

average value between tension force (T) and compression force (C) corresponding 

to the maximum design displacement d2. As introduced in 2.2.4.2, there is a 

difference between the tensile and compressive force values due to the buckling 

constraint, which results in an ''apparent'' hardening. In this case, the ultimate tensile 

force appears to be about 30% greater than the ultimate compressive force. 
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(a) 

 

Figure 3-6 Test Specimen: (a) frontal view; (b) lateral view 

(b) 
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The BRB device is connected in series to a steel tubular section (Φest = 150 mm, t 

= 10 mm). In order to reduce the invasiveness of the intervention, the BRB device 

and the connected elastic brace were placed outside the frame plane. To this aim, a 

special connection was designed (Figure 3-7). The connection type includes a pin 

to release the moments acting outside the frame plane. 

 

Figure 3-7 BRB to column connection 

 

3.2.3 Material properties 

Several coupon tests were conducted to inform the numerical modelling of the 

tested steel frame. To this aim, the steel coupons were obtained directly from the 

tested frame, both from web and flanges of beams and columns, and were tested 

according to the BS EN ISO 6892-1 [45]. The results of the coupon tests are 

summarised in Table 3-5, Table 3-6 and Table 3-7. 

Table 3-5 Yield and ultimate stress (μ: mean value; σ: standard deviation; CoV: coefficient of 

variation) 

Profile  Quantity Yield stress  Ultimate stress 

   
μ (MPa) σ (MPa) CoV (%)  

μ 
(MPa) 

σ 

(MPa) 

CoV 

(%) 

Beam 

(IPE200) 

Flange 8 408.94 17.22 4.21  561.92 17.70 3.15 

Web 4 426.38 11.43 2.68  558.47 9.61 1.72 

Column 

(HE180A) 

Flange 8 424.06 8.99 2.12  592.21 9.27 1.57 

Web 4 450.32 12.53 2.78  583.42 7.94 1.36 
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Table 3-6 Yield and ultimate strain (μ: mean value; σ: standard deviation; CoV: coefficient 

of variation) 

Profile  Quantity Strain at yielding  Strain at ultimate stress 

   μ (-) σ (-) CoV (%)  μ (-) σ (-) CoV (%) 

Beam 

(IPE200) 

Flange 8 0.0023 0.0005 21.74  0.1370 0.0038 2.77 

Web 4 0.0020 0.0002 10.00  0.1306 0.0067 5.13 

Column 

(HE180A) 

Flange 8 0.0031 0.0007 22.58  0.1355 0.0076 5.61 

Web 4 0.0026 0.0003 11.54  0.1419 0.0067 4.72 
  

 

Table 3-7 Overstrenght and ductility (μ: mean value; σ: standard deviation; CoV: coefficient of 

variation) 

Profile  Quantity Overstrenght  Ductility at ultimate stress 

   μ (-) σ (-) CoV (%)  μ (-) σ (-) CoV (%) 

Beam 

(IPE200) 

Flange 8 1.13 0.02 1.77  61.77 15.61 25.27 

Web 4 1.31 0.02 1.53  64.59 4.50 6.97 

Column 

(HE180A) 

Flange 8 1.40 0.02 1.43  45.73 11.89 26.00 

Web 4 1.30 0.03 2.31  54.79 7.93 14.14 
 

 

3.2.4 Pseudo-dynamic (PsD) tests 

3.2.4.1 Introduction 

The inelastic cyclic behaviour of structures is generally quite sensitive to the 

imposed histories of displacement. Thus, the selection of loading techniques and 

histories is a key part of the planning for any seismic performance test [46]. Despite 

their limited availability, shaking tables represent the most efficient way to simulate 

seismic effects in the laboratory. On the other hand, pseudo-dynamic tests represent 

alternative methods that allow seismic effects to be reproduced by combining quasi-

static experimental techniques with numerical simulation procedures. This testing 

procedure requires ‘conventional’ laboratory facilities (e.g., actuators and reaction 

walls), and hence it is often preferred to the more complex and expensive shake 

table tests. 

The pseudo-dynamic method represents an integrated experimental-numerical 

procedure. Similar to non-linear dynamic analyses, the controlling computer 

software discretises the response of the structure in a series of time steps. The 

governing equations of motion are solved numerically for the incremental structural 

deformations within each step. As in conventional dynamic analysis, the ground 

motion, as well as the structure’s inertial and damping characteristics, are specified 

numerically. However, rather than using a mathematical model to determine the 

structure’s restoring force characteristics, these are measured directly from the 

specimen as the test procedure progresses [47]. As dynamic effects are taken into 

account through the equations of motion, displacements are imposed in a quasi-
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static way on the test specimen. Therefore, this technique enables testing specimens 

that are too large, massive or strong to be tested through shaking tables. 

Despite the advantages of PsD tests, this method cannot accurately model the rate-

dependent behaviour of structural elements, such as viscous dampers, compared to 

the shake table test or the more recently developed real-time PsD test [48] [49]. In 

typical steel, concrete, or masonry structures, the cyclic response of the structural 

elements does not depend on the rate of loading imposed by earthquake events [50], 

and the stress relaxation due to a slow loading rate is negligible [51]. 

3.2.4.2 Case study 

To accurately evaluate the seismic response of a steel retrofitted frame with 

externally placed BRBs, the PsD test method was adopted in this study. Mass and 

damping structure’s properties were modelled numerically, while the restoring 

force from the steel frame was obtained experimentally. In the adopted PsD test, 

the numerical integration scheme predicts the displacements imposed by the 

actuators to the lab specimen [52][53][54], and hence, it allows simulating the dynamic 

response of a structure by imposing the displacements in a quasi-static manner. 

The tested frame represents the central outer span of the 75% scaled prototype 

building. The test matrix is summarised in Table 3-8. To facilitate the calibration 

of the numerical model, the bare frame was first subjected to a modal 

characterisation process through snap-back free vibration tests. Subsequently, the 

bare frame was successfully subjected to an incremental PsD test under one ground 

motion records, considering three scaling factors for the ground motion intensity 

(SF), respectively equal to 0.35, 0.75 and 1.0. In a similar way, the retrofitted frame 

was subjected to PsD tests considering the same ground motion with a scale factor 

of 1 and 1.5. 

For the retrofitted frame, during the first test (SF = 1), no severe damage was 

observed on the frame, and the BRBs were working smoothly. On the other hand, 

due to safety issues, the second test (SF = 1.5) was stopped when significant torsion 

and instability problems were observed. 

After each ground motion of the sequence for the different seismic intensities, small 

harmonic excitations were applied to the structure in order to evaluate the variation 

of the vibration periods, i.e., period elongation, along with the test. 
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Table 3-8 Test matrix for the 2D bare frame and retrofitted frame in the laboratory 

Test Description 

1 Snap-back free-vibration test of the bare frame 

2 PsD test of the bare frame (SF = 0.35) 

3 PsD test of the bare frame (SF = 0.75) 

4 PsD test of the bare frame (SF = 1) 

5 PsD test of the BRB frame (SF = 1) 

6 PsD test of the BRB frame (SF = 1.5) 
 

3.2.4.3 Selection of ground motion sequence 

The seismic sequence considered during the tests was derived by selecting one 

ground motion that could reflect the moderate-to-high seismicity of some areas of 

Southern Europe and, at the same time, characterised by a large spectral 

acceleration in the range of natural period of the case-study frame in the different 

configurations, i.e., 0.1 to 0.5 s, respectively for the BRB frame and the bare frame. 

Table 3-9 summarises the basic information of the selected earthquake, including 

the date, moment magnitude (Mw) and epicentral distance (Repi) of the seismic event 

and the peak ground acceleration (PGA) of the recorded acceleration time-histories. 

The selected ground motion considered in this study referred to the 2016 Central 

Italy earthquakes recorded at the Station in Norcia (NRC) in the East-West 

component. The acceleration time history was available from the Engineering 

Strong-Motion database (ESM) [55]. The selected ground motion has a PGA of 0.35 

g. 

Table 3-9Selected ground motion record 

Event Date & Hour Mw Repi  PGA  IDa 

  [-] [km] [g]  

GM1 24/08/2016 at 1.36 6.0 15.3 0.35 EMSC - 20160824_0000006 
a Station in Norcia, Italy (NRC) and East-West component of the ground motion.  

Source: https://esm.mi.ingv.it/ 

As shown in Table 3-1, to account for the variations in dynamic properties due to 

model scaling, the time step of the ground motion sequence, which was originally 

0.02 s (Figure 3-8a), was scaled by a factor of 0.87 (the square root of 0.75) to 

0.0173 s (Figure 3-8b), while the amplitudes remained the same as no scaling was 

required for the acceleration (see Table 3-1). Figure 3-9a shows the response spectra 

of the selected ground motion (unscaled in time step) as well as the elastic response 

spectrum defined by EC8-3 at the SD limit state. It is possible to see that, within 

the range from 0.2 times the fundamental period of the infilled frame to two times 

the fundamental period of the bare frame, the response spectra of the unscaled 

ground motion is close to the elastic response spectrum of the SD limit state.. As 

mentioned in the previous sections (3.2.4.2), in order to assess the structure under 

a higher earthquake, in the second PsD test the selected ground motion was scaled 

in amplitude by 1.5 times. Figure 3-9b shows the response spectra of the considered 
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ground motion scaled by a factor of 1.5 compared with the response spectrum 

defined by the EC8-3 at the NC limit state.  

 

(a) 

 

(b) 

Figure 3-8 Time history of the seismic sequence: (a) original record; (b) scaled record 
 

 

  

(a) (b) 

Figure 3-9 Response spectra of the selected ground motion compared with the elastic response 

spectrum suggested in EC8-3: (a) unscaled ground motions at significant damage limit state; 

(b) Scaled ground motion at near collapse limit state. 
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3.2.5 Test setup and instrumentation 

Unlike real structures, the tested specimens were connected to the lab’s strong floor 

rather than to a typical pad concrete foundation. To reduce the possibility of base 

plate sliding and provide enough base shear capacity in the shear connectors, the 

frame’s base plates were connected to 80 mm thick steel base plates, which 

distributed the lateral loads to a larger number of floor anchors. In addition, a 

tubular support beam was placed on top of the thick base plates to reduce the lateral 

deformation and avoid significant plate bending due to moment transfer from the 

structure. Figure 3-10 shows the typical base plate configuration for the 

experiments. In addition, a composite slab of 250 mm thick concrete was connected 

to the beam through M19 shear studs at 150 mm spacing in order to ensure the 

transfer of actuator-applied horizontal loading and simulate the stiffness of the 

composite beam. It is worth mentioning that, to reduce any out of plane 

displacements and torsional effects, the storey displacement history was applied 

through two actuators per storey connected at both sides of the frame. The slab 

length is 2700 mm and 3260 mm at the first and second levels, respectively. This 

difference in size is a consequence of the need to place the BRB in the subsequent 

phases of the test. Shear studs were omitted in a 0.5 m-wide region around each 

joint as commonly adopted to avoid the development of composite actions in the 

joints. The general setup of the 2D structure can be observed in Figure 3-11. 

 

Figure 3-10 Typical configuration of the structures' foundation 
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Figure 3-11 General setup of the 2D structure 

 

The instrumentation for the PsD tests was designed to monitor the response of 

several structural components. All of the instrumentations are described here and 

are summarised in Table 3-10. As shown in Figure 3-12a four accelerometers 

(ACC1-4) and four displacement-measuring optical devices (OPT1-4) were used in 

the test free vibration test in order to monitor story displacements. Moreover, two 

potentiometers (DTB1-2) were placed to monitor any storey transversal 

displacement (Figure 3-14). A total of four inclinometers (INC1-4), whose 

locations are shown in Figure 3-12b, were used to monitor the column’s joints 

rotation in the frame plane (Figure 3-15). To monitor the relative vertical, horizontal 

and rotational deformation of the column base plate, as well as the column 

deformation along with the height of the expected plastic hinge zone, fourteen 

potentiometers (DTC1-14) were placed in accordance with Figure 3-12b. Three 

potentiometers were placed to measure the diagonal elongation of the first (DTA1-

2) and second (DTB7) floor, as demonstrated in Figure 3-12b and Figure 3-16. 

Furthermore, twelve strain gauges (SG1-12) were considered and placed to measure 

the strains induced in a selected column, as shown in Figure 3-12b and Figure 3-17. 

It is worth mentioning that the strain gauges were placed only through one column 

because of the number of available channels.  

Regarding the tests conducted on the retrofitted frame, in addition to the 

instrumentation described above, further eight potentiometers (DTA5-10 and 

DTB3-4) and six strain gauges (SG13-18) were added in order to monitor the BRB 

devices and the elastic diagonal brace (Figure 3-13). In particular, the devices 

DTA5-8 were placed to measure the BRB slippage caused by the different sizes 
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between the pin and the connection hole (Figure 3-18). On the other hand, the 

devices DTB3-4 (Figure 3-19) and DTA9-10 (Figure 3-20) were used to monitor 

the elongation of the elastic brace and the BRB core, respectively. It is worth 

mentioning that DTA9-10 were only used in the test with a scaled ground motion 

(Scale Factor: 1.5). 

Table 3-10 List of sensors and devices used for the PsD tests 

Label Device Description Quantity 

ACC Accelerometer 

(10g) 

ACC1-2: first storey acceleration (free vibration 

test only). 

ACC3-4: top storey acceleration (free vibration test 

only). 

4 

OPT Optical device OPT1-2: displacements of the first storey in the test 

direction. 

OPT3-4: displacements of top storey in the test 

direction. 

4 

INC Inclinometer INC1 and INC4: column panel zones rotation (base). 

INC2: column panel zone rotation (first storey). 

INC3: column panel zone rotation (top storey). 

4 

DTA Linear Variable 

Displacement 

Transducer 

(String 

potentiometer)  

343 mm. 

DTA 1-2: diagonal first storey elongation. 

DTA 5-6: BRB slippage (second storey); 

DTA 7-8: BRB slippage (first storey); 

DTA 9-10: BRB core elongation (SF 1.5 only) 

8 

DTB Linear Variable 

Displacement 

Transducer 

(Potentiometer)  

50 mm. 

DTB1-2: transversal storey displacement. 

DTB3-4: elastic diagonal brace elongation. 

DTB7: top storey diagonal elongation. 

5 

DTC Linear Variable 

Displacement 

Transducer 

(Potentiometer)  

25 mm. 

DTC1-6: relative vertical, horizontal and rotational 

deformation of a selected column base plate. 

DTC7-9: relative vertical, horizontal and rotational 

deformation of a selected column base plate. 

DTC10-14: column deformation along the height of 

the expected plastic hinge zone 

14 

SG Strain gauge SG1-12: strain in column. 

SG13-15: strain in diagonal elastic brace (fist 

storey). 

SG16-18: strain in diagonal elastic brace (second 

storey). 

18 
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(a) 

 

 

 

Figure 3-12 Locations of actuators and sensors: (a) Test mock-up plan view; (b) Section 

A-A’ bare frame without actuators; 

(b) 
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Figure 3-13 Locations of actuators and sensors: section A-A’ BRB frame with actuators 

 

  

(a) (b) 

Figure 3-14 Linear Variable Displacement Transducer to measure the transversal storey 

displacement: (a) DTB1; (b) DTB2 

 

    

(a) (b) (c) (d) 

Figure 3-15 Inclinometers placed to monitor the nodal rotation: (a) IN1; (b) IN2; (c) IN3; (d) 

IN4 
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(a) (b) (c) 

Figure 3-16 Linear Variable Displacement Transducer placed to monitor the diagonal 

elongation:(a) DTA1; (b) DTA2; (c) DTB7 

 

  

(a) 

  

(b) 

  

(c) 

Figure 3-17 Column strain gauges (from sx to dx): (a) DETAIL 3: SG11, SG12, SG10; (b) 

DETAIL 2: SG8, SG9, SG7;  

(c) DETAIL 1: SG3, SG4, SG5, SG6, SG1, SG2 
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(a) (b) 

  

(c) (d) 

Figure 3-18 Linear Variable Displacement Transducer placed to measure the BRB slippage:  

(a) DTA5, (b) DTA6; (c) DTA8; (d) DTA7 
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(a) 

  

(b) 

Figure 3-19 Linear Variable Displacement Transducer placed to measure the elastic diagonal 

brace elongation:  

(a) DTBA 4; (b) DTBA 3 

 

  
(a)  (b) 

Figure 3-20 Linear Variable Displacement Transducer placed to measure the BRB core 

elongation (SF 1.5 only): 

 (a) DTA9; (b) DTA10 
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3.2.6 Final observations 

The experimental tests allowed the following conclusions to be drawn. As shown 

in the following sections (4.2.5), the retrofit strategy investigated turns out to be 

characterised by some limitations that reduce the effectiveness of the intervention.  

The main issue is that the introduction of BRBs has only increased the strength and 

stiffness of the frame, leaving the dissipative capacity unaffected. This behaviour 

can be attributed to the torsional and distortional deformability of the column. In 

fact, given any inter-storey displacement, these two phenomena reduce the axial 

displacements imposed on the BRB, thus delaying its entrance into the non-linear 

range. However, the experimental campaign showed that to ensure the proposed 

retrofit strategy to be effective, attention must be paid to specific aspects. In the 

following sections (4-5) these aspects are discussed in greater depth while trying to 

provide solutions aimed at eliminating or reducing these phenomena. 

On the other hand, the BRBs eccentricity turns out to be a fundamental factor when 

assessing the intervention feasibility. In fact, the PsD test on the BRB frame 

considering the earthquake sequence with higher intensity (i.e., scaling factor of 

1.5), had to be stopped when reaching an inter-story drift of about 2.30% due to 

excessive out-of-plane displacements other than damages observed in the column 

web (Figure 3-21c). In addition, it is worth mentioning that contacts between the 

BRBs and the columns emerged during the test (Figure 3-21a, b),  

   

(a) (b) (c) 

Figure 3-21 Failure modes: (a) Crack in the column web; (b), (c) Contact between BRBs 

and columns 
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4 Numerical Modelling and 

Validation 
The test specimen described in the previous section was modelled as a 3D finite 

element (FE) model in Abaqus [56]. Several FE models have been created and 

validated against the experimental results. Firstly, the model of the bare frame was 

created and validated. Successively, the BRB device was modelled by calibrating 

the hardening parameters according to the response from cyclic experimental tests 

provided by the manufacturer. The FE model of the retrofitted frame was created 

by incorporating the calibrated BRB devices within the validated model of the bare 

frame. Finally, the global response of the FE model of the retrofitted frame was 

validated against the experimental results. These steps are described in detail in the 

following sections. 

4.1 Bare Frame 

4.1.1 Modelling 

4.1.1.1 Material Model 

In order to improve the numerical model accuracy, the material properties assigned 

to the steel elements were upgraded.  

Constructional steel material exhibits ductile behaviour as it is capable of 

developing large inelastic strains. Since large strain plasticity is undertaken in the 

analysis, material properties for finite-strain calculations are used: “stress” means 

“true” (Cauchy) stress and “strain” means logarithmic strain. Material data for all 

steel definitions were, therefore, given in the true stress-logarithmic plastic strain 

relationship, as required by Abaqus. 

As mentioned in 3.2.3, several coupon tests were conducted on both web and 

flanges specimens taken from both beams and columns. Therefore, before 

presenting the outcomes, a brief description of the coupon test is reported. 

4.1.1.1.1 Coupon Test 

The uniaxial coupon tests (UNI EN ISO 6892-1 and ASTM 370-10) are performed 

on a specimen of standard dimensions (UNI EN ISO 377), which has in the central 

part a smaller cross-section compared to the ones at the ends (Figure 4-1). The 

specimen is shaped so that fracture occurs in the central section of the specimen, 

which is subject to a uniaxial stress state. The aim of the test is to determine the 

stress (σ) - strain (ε) curve and to characterise the material response by means of 

several parameters, such as modulus of elasticity, yield stress, rupture stress and the 

corresponding deformations (Figure 4-2). During the test, the values of the tensile 
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force (F) and relative displacement (ΔL) between two reference points located at a 

distance (L0) are measured. From this test, is it possible to derive two different stress 

(σ) - strain (ε) curves: 

• Engineering stress (σE) – engineering strain (εE); 

• True (or Cauchy) stress (σT) –logarithmic true strain (εT); 

The engineering stress (σE) is evaluated by dividing the tensile force (F) for the 

initial nominal area (S0) of the specimen, while the engineering strain (εE) is 

obtained by dividing the change in length (ΔL) by the original length (L0). On the 

other hand, the true stress (σT) is calculated by dividing the tensile force (F) by the 

current area (S), while the true strain (εE) is considered as the natural logarithm of 

the ratio of the current length (L) to the original length (L0). Engineering stress and 

strain can be shown to be equal to Eqs. (4-1) and (4-2), respectively[57]. 

 𝜎𝑒𝑛𝑔 =
𝐹

𝑆0
 (4-1) 

 𝜀𝑒𝑛𝑔 =
𝐿 − 𝐿0
𝐿0

=
∆𝐿

𝐿0
 (4-2) 

On the other hand, true stress and true strain can be calculated in accordance with 

Eqs. (4-3) and (4-4), respectively[57].  

 𝜎𝑡𝑟𝑢𝑒 =
𝐹

𝑆
= 𝜎𝑒𝑛𝑔(1 + 𝜀𝑒𝑛𝑔) (4-3) 

 𝜀𝑡𝑟𝑢𝑒 = ∫
𝑑𝐿

𝐿

𝐿

𝐿0

= 𝑙𝑛(1 + 𝜀𝑒𝑛𝑔) (4-4) 

It is worth mentioning that these equations are valid only until uniform deformation, 

viz., before the onset of necking[58]. An analytic solution[59] is widely used for trues 

stress correction in the necked region of a tensile specimen with a round cross-

section. However, the Bridgman equation is not applicable for correction of average 

trues stress-logarithmic true strain curve of a tensile specimen with a rectangular 

cross-section. Although different studies focused on this topic[58,60–63], there is no 

firmly and explicitly established method or formula to correct true stress after 

necking of a flat specimen. However, the following represent the three most 

common conversion methods: 

• Straight line 

When calculating the true stress – logarithmic true strain curve, it is possible to 

connect the necking point to the failure point through a straight line. In cases in 

which the cross-sectional area of the specimen is measured when rupture occurs 
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(𝑆𝑓), the coordinates of the failure point can be calculated in accordance with Eqs. 

(4-5) and (4-6): 

 𝜎𝑓,𝑡𝑟𝑢𝑒 =
𝐹𝑓

𝑆𝑓
 (4-5) 

 𝜀𝑓,𝑡𝑟𝑢𝑒 = 𝑙𝑛(1 + 𝜀𝑓,𝑒𝑛𝑔) (4-6) 

On the other hand, when the measurement of the cross-sectional area at the breaking 

point is not available, it is possible to extend the stress-strain curve through a 

straight-line tangent to the necking point by means of the following equation (4-7): 

 𝜎𝑡𝑟𝑢𝑒 = 𝑎 ∙ 𝜀 + 𝑏 (4-7) 

Where the parameters (𝑎 and 𝑏) can be calculated in accordance with Eqs. (4-8) and 

(4-9). In this case, the logarithmic true strain at the breaking point (𝜀𝑓,𝑡𝑟𝑢𝑒) can be 

calculated according to the equation (4-6). 

 𝑎 = 𝜎𝑢,𝑡𝑟𝑢𝑒 (4-8) 

 𝑏 = 𝜎𝑢,𝑡𝑟𝑢𝑒(1 + 𝜀𝑢,𝑡𝑟𝑢𝑒) (4-9) 

• Nonlinear power relation [62] 

Alternatively, it is possible to connect the necking point to the failure point through 

a nonlinear power relation (4-10): 

 𝜎𝑡𝑟𝑢𝑒 = 𝐾 ∙ 𝜀𝑛 (4-10) 

Where the parameters (𝐾 and 𝑛) can be calculated in accordance with Eqs. (4-11) 

and (4-12). 

 𝐾 = 𝜎𝑢,𝑡𝑟𝑢𝑒 𝑛𝑛⁄  (4-11) 

 𝑛 = 𝜀𝑢,𝑡𝑟𝑢𝑒 (4-12) 
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Figure 4-1 Typical sample for rolled products (from Bernuzzi et al.[64]) 

 

 

 

(a) (b) 

Figure 4-2 Coupon test: (a) Test scheme and measured values, (b) Stress (σ) - strain (ε) curve 

obtained from the test 

 

4.1.1.1.2 Test Data 

As mentioned in 3.2.3, several coupon tests were conducted on steel coupons taken 

from different components (i.e., webs and flanges of beam and column profiles). 

Table 4-1 reports all the characteristics related to the specimens considered for the 

coupon tests. In this case, the laboratory provided both stress-strain curves 

(engineering and true). Figure 4-3 shows the true stress – logarithmic true strain 

provided by the laboratory. 
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Table 4-1 Coupon Test 

Test ID El. Type El. Num. El. Part Part Num. Mat. 

1 C1 Beam 3 Flange 1 612 

2 C1 Beam 3 Flange 1 613 

3 C2 Beam 3 Flange 2 614 

4 C2 Beam 3 Flange 2 615 

5 C3 Beam 3 Web - 616 

6 C3 Beam 3 Web - 617 

7 C4 Beam 5 Flange 1 618 

8 C4 Beam 5 Flange 1 619 

9 C5 Beam 5 Flange 2 620 

10 C5 Beam 5 Flange 2 621 

11 C6 Beam 5 Web - 622 

12 C6 Beam 5 Web - 623 

13 C7 Col 4 Flange 1 624 

14 C7 Col 4 Flange 1 625 

15 C8 Col 4 Flange 2 626 

16 C8 Col 4 Flange 2 627 

17 C9 Col 4 Web - 628 

18 C9 Col 4 Web - 629 

19 C10 Col 1 Flange 1 630 

20 C10 Col 1 Flange 1 631 

21 C11 Col 1 Flange 2 632 

22 C11 Col 1 Flange 2 633 

23 C12 Col 1 Web - 634 

24 C12 Col 1 Web - 635 
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(a) 

 

(b) 

Figure 4-3 True stress - logarithmic true strain from coupon tests: (a) Beam specimen, (c) 

Column specimen 
 

 

4.1.1.1.3 Abaqus Model 

Considering the true stress – logarithmic true strain reported in Figure 4-3, an 

average behaviour between those curves was first derived, and then a bilinear model 

was used to define the steel material behaviour in Abaqus. These properties are 

reported in Table 4-2 and Table 4-3, and illustrated in Figure 4-4. 

Table 4-2 Abaqus Steel Properties - Beam 

 𝜀𝑡𝑟𝑢𝑒 𝜀𝑡𝑟𝑢𝑒,𝑝𝑙 𝜎𝑡𝑟𝑢𝑒 

 [%] [%] [MPa] 

Yielding 0.2 0 415 

Failure 0.163 0.161 662 
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Table 4-3 Abaqus Steel Properties - Column 

 𝜀𝑡𝑟𝑢𝑒 𝜀𝑡𝑟𝑢𝑒,𝑝𝑙 𝜎𝑡𝑟𝑢𝑒 

 [%] [%] [MPa] 

Yielding 0.2 0 433 

Failure 0.165 0.163 662 
 

 

 

Figure 4-4 Abaqus Steel material behaviour 

 

4.1.1.2 3D Model 

As illustrated in Figure 4-5, all steel components (i.e., beams, columns and 

stiffeners) were modelled as solid elements (C3D8R). The material properties were 

assigned in accordance with 4.1.1.1.3. Full penetration welds were simulated by 

connecting beams, columns, and stiffeners through tie constraints. Aside from the 

steel members, the reinforced concrete slabs in the FE model were modelled using 

solid elements (C3D8R) as well. A simplified model consisting of homogeneous 

concrete blocks with an equivalent Young’s modulus was used to simulate the 

higher rigidity of the slab. Plastic behaviour was not defined for concrete in the 

present study since no cracking was observed in the concrete components of the 

case study building during the PsD test. The slab was connected to the top flange 

of beams through tie constraints in the region where shear studs were present. In 

regions without shear studs, contact was defined between the slab and beam, 

including tangential behaviour with a friction coefficient of 0.7 and ‘Hard’ normal 

behaviour. Fixed boundary conditions were imposed on the bottom of columns. 
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Figure 4-5 Description of the 3D bare frame Abaqus model 

All steel elements were meshed using elements with an average size of 20 mm. It 

is worth mentioning that the mesh size has been reduced in the connection zones 

between beams and columns to better capture the distribution of forces and 

deformations in such zones. Figure 4-6 shows in detail how the aforementioned 

elements were meshed. 

 

Figure 4-6 Mesh detail: (a) beam; (b) column; (c) stiffener; (d) base stiffener 

4.1.2 Validation 

The numerical simulations were performed through two steps: the Gravity and the 

Pseudo Dynamic analysis. The Pseudo Dynamic analysis was conducted by 

imposing the same horizontal floors displacements applied during the tests. In 

particular, the displacements were imposed to two different control points, 

belongings to the top surface of the slab. The control points enforced the top surface 
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of the slab to undergo the same horizontal displacement through coupling 

constraint. Quasi-static analysis in the implicit dynamic analysis category was 

selected for the Pushover analysis. As mentioned in the previous paragraph 

(313.2.4.2), the bare frame was subjected to three PsD tests in which the same 

ground motion was scaled through three different scale factors: 0.35, 0.75 and 1, 

respectively. The following section presents the validation of the model considering 

the ground motion scaled to SF = 0.35. The comparison between the Abaqus model 

and test results regarding the other two scale factors are presented in Appendix A. 

In order to validate the FE model, comparisons were made in terms of actuator 

forces, floor stiffness and local stress. In the following paragraphs, the test 

measurements, together with the Abaqus results, are shown. 

4.1.2.1 Scaled Ground Motion (SF = 0.35) 

Figure 4-7 shows the displacement history imposed on the first and second floor 

during both the test and the numerical simulation. The first comparison between the 

test specimen and the FE model was made in terms of actuator forces, i.e., 

comparing the forces required to impose the predefined displacement. Figure 4-8 

shows the actuator force applied during the test compared with the one obtained 

through Abaqus. It can be seen that the error between these two values is always 

lower than 10%. It is worth mentioning that in order to highlight the differences, 

the most relevant steps only are shown. As shown in Figure 4-9, the second 

comparison was made in terms of floor stiffness. Once again, it can be seen that the 

Abaqus model successfully captures the experimental results. Figure 4-10 and 

Figure 4-11 show the comparison between the values obtained from the strain 

gauges placed on the column (Detail 1 of Figure 3-13a) and the corresponding 

values obtained from Abaqus. An almost perfect match between the two values is 

also achieved in this case. However, it is worth emphasising that, although the 

measurements obtained from the strain gauges positioned on the column web are 

affected by a significant noise, the Abaqus model manages to appropriately capture 

the general trend of the acting stresses. The considerations made regarding the 

measurements obtained from the strain gauges positioned in the first section of the 

column (Detail 1 of Figure 3-13a) are also valid for the other two sections of the 

column (Details 2 and 3 of Figure 3-13a), which are shown respectively in Figure 

4-12 and Figure 4-13. 
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(a) 

 

Figure 4-7 Displacement History: (a) Second Floor; (b) First Floor. 

(b) 

 

 

(a) 

 

Figure 4-8 Actuator Force: (a) Second Floor; (b) First Floor 

(b) 
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(a) 

 

Figure 4-9 Floor Stiffeness: (a) Second Floor; (b) First Floor. 

(b) 
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(a) 

 

(b) 

 

(c) 

 

Figure 4-10 Column Flange Strain Gauges - Detail 1: (a) SG1, (b) SG2, (c) SG3, (d) SG6 

(d) 
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(a) 

 

Figure 4-11 Column Web Strain Gauges - Detail 1: (a) SG4, (b) SG5 

(b) 
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(a) 

 

(b) 

 

Figure 4-12 Column Flange Strain Gauges - Detail 2: (a) SG7, (b) SG8, (c) SG9 

(c) 
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(a) 

 

(b) 

 

Figure 4-13 Column Flange Strain Gauges - Detail 3: (a) SG10, (b) SG11, (c) SG12 

(c) 

 

  



 

Numerical modelling and parametric analysis of existing steel frames retrofitted with external BRBs 

58 

 

4.2 BRB Frame 

As mentioned in the previous section (3.2.2.2), after the first set of tests, the bare 

frame was retrofitted with Buckling Restrained Braces (BRBs) placed outside the 

frame plane through a specially designed connection. Therefore, before building 

and validating the retrofitted frame model, it was necessary to model and validate 

the dissipative device only (BRB). In the following sections, the procedure is 

described. 

Before presenting the modelling strategy adopted, a number of essential notions for 

understanding what follows are given below. 

4.2.1 Material non-linearity in Cyclic loading 

Modelling the cyclic response of structural steel plays an important role in the 

design and performance assessment of steel structures. During a seismic event, the 

structural steel elements (e.g., Buckling Restrained Braces, shear links/panels) 

undergo cyclic deformations. Therefore, a material model able to properly simulate 

the cyclic behaviour of structural steel must be experimentally validated. The 

calibrated material model can be further used to simulate the structural elements for 

cyclic numerical analyses. 

In order to describe how a material behaves under cyclic loading with different 

stress or strain amplitudes before reaching stabilised state, a constitutive model of 

cyclic plasticity is needed. The theory of cyclic plasticity provides a mathematical 

description of a material stress-strain response in plastically deformed (time-

independent plasticity) solids under cyclic loading [65]. 

Within this thesis, the “built in” combined isotropic/kinematic hardening model is 

used to model metal plasticity under cyclic loading regime. This represents a time-

independent constitutive model for cyclic plasticity of metals implemented in the 

nonlinear finite element software Abaqus, which is based on the work of Lemaitre 

and Chaboche [66]. In this model, the von Mises yield criterion and associative flow 

rule are assumed. The evolution law in the model consists of a kinematic hardening 

component which describes the translation of the yield surface in the stress space. 

An isotropic component, which describes the change of the elastic range, is added 

for the nonlinear isotropic/kinematic hardening model. 

A brief description of the constitutive model, capable of capturing the main features 

of response of the steel material for proportional, and non-proportional cyclic 

loading paths in engineering sense, are given. 

4.2.1.1 Nonlinear isotropic/kinematic hardening model 

Nonlinear isotropic/kinematic hardening model with multiple backstresses in 

combination with the von Mises yield surface (isotropic yield plasticity) represents 

an Abaqus integrated material model for metals subjected to cyclic loading. The 
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assumption of associated plastic flow is acceptable for metals subjected to cyclic 

loading as long as microscopic details, such as localization of plastic flow occurring 

as a metal component ruptures due to cyclic fatigue loads, are not of interest [56]. 

The nonlinear isotropic/kinematic hardening model has both nonlinear kinematic 

and nonlinear isotropic hardening components. The evolution law of this model 

consists of two components: a nonlinear kinematic hardening component, which 

describes the translation of the yield surface in stress space through the backstress 

𝛼, and an isotropic hardening component, which describes the change of the 

equivalent stress defining the size of the yield surface 𝜎0 as a function of plastic 

deformation. The combined isotropic/kinematic hardening model is schematically 

presented in Figure 4-14. 

 

Figure 4-14 Combined isotropic/kinematic hardening model (from Zub et al. [67]) 

The following constitutive equations and hypotheses are considered in this material 

model [56]: 

• Total strain tensor (𝜀): decomposed into elastic (𝜀𝑒𝑙) and plastic (𝜀𝑝𝑙) parts: 

 𝜀 = 𝜀𝑒𝑙 + 𝜀𝑝𝑙 (Eq. 4.1) 

• Yield surface (F): defined as a function of equivalent stress (𝑓(𝜎 − 𝛼)) and 

yield stress (𝜎0), where 𝛼 represents the backstress tensor: 

 𝐹 = 𝑓(𝜎 − 𝛼) − 𝜎0 = 0 (Eq. 4.2) 

It is worth mentioning that when 𝐹 < 0, an elastic stress state is obtained, while 

𝐹 = 0 represents a plastic stress state; moreover, 𝐹 > 0 is not admissible. 

• Von Mises yield criterion (𝑓(𝜎 − 𝛼)): defined as a function of the deviatoric 

stress tensor (S) and deviatoric part of the backstress tensor (𝛼𝑑𝑒𝑣): 

 𝑓(𝜎 − 𝛼) = [
3

2
(𝑆 − 𝛼𝑑𝑒𝑣): (𝑆 − 𝛼𝑑𝑒𝑣)]

0.5

 (Eq. 4.3) 

• Associated plastic flow rule:  



 

Numerical modelling and parametric analysis of existing steel frames retrofitted with external BRBs 

60 

 

 𝜀̇𝑝𝑙 = 𝜀̅̇𝑝𝑙
𝜕𝐹

𝜕𝜎
 (Eq. 4.4) 

where 𝜀̇𝑝𝑙 is the rate of plastic flow and 𝜀̅̇𝑝𝑙 is the equivalent plastic strain rate, 

which, for isotropic von Mises plasticity, is calculated as: 

 𝜀̅̇𝑝𝑙 = √
2

3
𝜀̇𝑝𝑙: 𝜀̇𝑝𝑙 (Eq. 4.5) 

• Nonlinear isotropic/kinematic hardening rule. The evolution law of this 

model consists of two components: a nonlinear kinematic hardening 

component, which describes the translation of the yield surface in stress 

space through the backstress (𝛼); and an isotropic hardening component, 

which describes the change of the equivalent stress defining the size of the 

yield surface (𝜎0) as a function of plastic deformation. 

The kinematic hardening component is defined to be an additive combination of a 

purely kinematic term (linear Ziegler hardening law) and a relaxation term (the 

recall term), which introduces the nonlinearity. In addition, several kinematic 

hardening components (backstresses) can be superposed, which may considerably 

improve results in some cases. When temperature and field variable dependencies 

are omitted, the hardening laws for each backstress are: 

 𝛼̇𝑘 = 𝐶𝑘 ∙
1

𝜎0
∙ (𝜎 − 𝛼) ∙ 𝜀 ̅̇𝑝𝑙 − 𝛾𝑘 ∙ 𝛼𝑘 ∙ 𝜀 ̅̇

𝑝𝑙 (Eq. 4.6) 

and the overall backstress is computed from the relation: 

 𝛼 = ∑𝛼𝑘

𝑁

𝑘=1

 (Eq. 4.7) 

where 𝑁 is the number of backstresses, and 𝐶𝑘 and 𝛾𝑘 are material parameters that 

must be calibrated from cyclic test data. 𝐶𝑘 are the initial kinematic hardening 

moduli, and 𝛾𝑘 determine the rate at which the kinematic hardening moduli 

decrease with increasing plastic deformation. The kinematic hardening law can be 

separated into a deviatoric part and a hydrostatic part; only the deviatoric part has 

an effect on the material behaviour. When 𝐶𝑘 and 𝛾𝑘 are zero, the model reduces to 

an isotropic hardening model. When all 𝛾𝑘 equal zero, the linear Ziegler hardening 

law is recovered. It is worth mentioning that whenever using different backstresses, 

each of them usually covers a different range of strains, and the linear hardening 

law is commonly retained for large strains. 
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The isotropic hardening behaviour of the model defines the evolution of the yield 

surface size (𝜎0) as a function of the equivalent plastic strain (𝜀̅𝑝𝑙). This evolution 

law can be represented by the following exponential law: 

 𝜎0 = 𝜎|0 + 𝑄∞ (1 − 𝑒−𝑏𝜀̅
𝑝𝑙
) ( Eq. 4.8 ) 

where 𝜎|0 is the yield stress at zero plastic strain, while 𝑄∞ and 𝑏 are material 

parameters. 𝑄∞ represents the maximum change in the size of the yield surface, 

while 𝑏 defines the rate at which the size of the yield surface changes as plastic 

straining develops. When the equivalent stress defining the size of the yield surface 

remains constant (𝜎0 = 𝜎|0), the model reduces to a nonlinear kinematic hardening 

model. 

The notions introduced in this section are essential for the calibration of the 

parameters through which the non-linear cyclic behaviour of the BRB device was 

modelled. 

4.2.2 Connector 

The analyst is often faced with modelling problems in which two different parts are 

connected in some way. Whenever the connection may impose complicated 

constraints, connector elements in Abaqus provide an easy and versatile way to 

model different types of physical mechanisms [56]. 

Connector modelling consists of choosing and defining the appropriate connector 

elements and defining the connector behaviour. 

4.2.2.1 Connector element 

Connector elements: 

• are available for two-dimensional, axisymmetric, and three-dimensional 

analyses; 

• can define a connection between two nodes (each node can be connected to 

a rigid part, a deformable part, or not connected to any part); 

• can define a connection between a node and ground;  

• have relative displacements and rotations that are local to the element, 

which are referred to as components of relative motion;  

• are functionally defined by specifying the connector attributes;  

• have comprehensive kinematic and kinetic output;  

• can be used to monitor kinematics in local coordinate systems. 

4.2.2.1.1 Choosing an appropriate element 

Two connector elements are provided. The element type to be chosen depends on 

the dimensionality of the analysis: CONN2D2 for two-dimensional and 
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axisymmetric analyses and CONN3D2 for three-dimensional analyses. Both 

connector elements have at most two nodes. The position and motion of the second 

node on the connector element are measured relative to the first node. 

4.2.2.1.2 Components of relative motion 

Connector elements have relative displacements and rotations that are local to the 

element. These relative displacements and rotations are referred to as components 

of relative motion. In the three-dimensional case, connector elements use twelve 

nodal degrees of freedom to define six relative motion components: three 

displacements and three rotations in element local directions. In two dimensions, 

six nodal degrees of freedom define three relative motion components: two 

displacements and one rotation. The components of relative motion are either 

constrained or unconstrained (“available”), depending upon the definition of the 

connector element. 

Constrained components of relative motion are displacements and rotations that are 

fixed by the connector element. In connector elements with constrained components 

of relative motion, Abaqus/Standard uses Lagrange multipliers to enforce the 

kinematic constraints. Accordingly, in Abaqus/Standard, the constraint forces and 

moments carried by the element appear as additional solution variables. The 

number of additional solution variables is equal to the number of constrained 

components of relative motion. In Abaqus/Explicit, the constraints are enforced 

using an augmented Lagrangian technique for which no additional solution 

variables are needed. 

Available components of relative motion are displacements and rotations that are 

not constrained kinematically and, hence, remain available for defining material-

like behaviour, specifying time-dependent motion, applying loading, or assigning 

complex interactions, such as contact or friction. 

4.2.2.1.3 Defining the connection attributes 

The connection attributes define the connector element's function. In the most 

general case, the following attributes are specified: 

• the connection type or types,  

• the local directions associated with the connector's nodes,  

• additional data for certain connection types and the connector behaviour. 

Abaqus provides a comprehensive library of connection types that are divided into 

three categories: basic connection components, assembled connections, and 

complex connections. The basic connection components affect either translations 

or rotations on the second node. A connector element may include one translational 

basic connection component and/or one rotational basic connection component. 

The assembled connections are constructed from the basic connection components. 
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They are provided for convenience and cannot be combined in the same connector 

element definition with a basic connection component or other assembled 

connections. Complex connections affect a combination of degrees of freedom at 

the nodes in the connection and cannot be combined with other connection 

components. 

4.2.2.2 Connector behaviour 

Connector behaviours allow for modelling of the following types of effects: 

• spring-like elastic behaviour; 

• rigid-like elastic behaviour; 

• dashpot-like (damping) behaviour; 

• friction; 

• plasticity; 

• damage; 

• stops; 

• locks; 

• failure; 

• uniaxial behaviour. 

Kinetic behaviour can be specified only in available components of relative motion. 

A connector behaviour can be specified in any of the following ways: 

• uncoupled: the behaviour is specified separately in individual available 

components of relative motion; 

• coupled: all or several of the available components of relative motion are 

used simultaneously in a coupled manner to define the behaviour; or 

• combined: a combination of both uncoupled and coupled definitions are 

used simultaneously. 

A conceptual model illustrating how connector behaviours interact with each other 

is shown in Figure 4-15. Most behaviours (elasticity, damping, stops, locks, 

friction) act in parallel. Plasticity models are always defined in conjunction with 

spring-like or rigid-like elasticity definitions. Degradation due to damage can be 

specified either for the elastic-plastic or rigid-plastic response alone or for the entire 

kinetic response in the connector. The failure behaviour apply to the entire 

connector response. 
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Figure 4-15 Conceptual illustration of connector behaviours (from Smith et al.[56]) 

Multiple definitions for the same behaviour type are permitted. For example, if 

connector elasticity (or damping) is defined several times in an uncoupled fashion 

for the same available component of relative motion, in a coupled fashion, or in 

both fashions, the spring-like (or dashpot-like) responses are added together. 

Multiple definitions of friction, plasticity, and damage behaviours are permitted as 

long as the rules outlined in the corresponding behaviour sections are followed. 

Multiple uncoupled stop and lock definitions for the same component are permitted, 

but only one will be enforced at a time. 

Connector element behaviours allow for proper modelling of most physical 

connection behaviours within a single connector element. However, in rare 

circumstances more complex connection behaviours may require multiple 

connector elements to be used in parallel or in series. Is it possible to place 

connector elements in parallel by defining two or more connector elements between 

the same nodes. Similarly, it is possible to place connectors in series by specifying 

additional nodes (most often in the same location as the nodes of interest) and then 

stringing connector elements between these nodes. 

4.2.2.2.1 Defining connector behaviour using tabular data 

Tabular data are often used to define connector behaviours, such as nonlinear 

elasticity, isotropic hardening, etc. As shown in Figure 4-16, the data points make 

up a nonlinear curve in the constitutive space. 
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Figure 4-16 Nonlinear connector behaviours defined as tabular data (from Smith et al.[56]) 

By default, the dependent variables are extrapolated as a constant (with a value 

corresponding to the endpoints of the curve) outside the specified range of the 

independent variables. This choice may cause a zero-stiffness response, which may 

lead to convergence problems. Is it possible to specify linear extrapolation to 

extrapolate the dependent variables outside the specified range of the independent 

variables assuming that the slope given by the end points of the curve remains 

constant. The extrapolation behaviour is illustrated in Figure 4-16. 

4.2.2.2.2 Connector plastic behaviour 

Connector plasticity in Abaqus can be used to model plastic (irreversible) 

deformations of parts forming an actual connection device. 

The plasticity formulation in connectors is similar to the plasticity formulation in 

metal plasticity described in section 4.2.1. In connectors the stress (𝜎) corresponds 

to the force (𝑓), while the strain (𝜀) corresponds to the constitutive motion (u). 

Moreover, the plastic strain (𝜀𝑝𝑙) corresponds to the plastic relative motion (𝑢𝑝𝑙), 

while the equivalent plastic strain (𝜀̅𝑝𝑙) corresponds to the equivalent plastic relative 

motion (𝑢̅𝑝𝑙). The yield function (Φ) is defined as: 

 Φ(f, 𝑢̅𝑝𝑙) = 𝑃(f) − 𝐹0 ≤ 0 (Eq. 4.9) 

where "𝑓" represents the collection of forces and moments in the available 

components of relative motion that ultimately contribute to the yield function. The 

connector potential (𝑃(f)) defines a magnitude of connector tractions similar to 

defining an equivalent state of stress in Mises plasticity and is either automatically 

defined by Abaqus or user-defined. Moreover, 𝐹0 is the yield force/moment. The 
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connector relative motions (u) remain elastic as long as Φ < 0. On the other hand, 

when plastic flow occurs, Φ = 0. 

If yielding occurs, the plastic flow rule is assumed to be associated; thus, the plastic 

relative motions are defined by: 

 𝑢̇𝑝𝑙 = 𝑢̅𝑝𝑙
𝜕Φ

𝜕f
 (Eq. 4.10) 

where 𝑢̇𝑝𝑙 represents the rate of plastic relative motion and 𝑢̅𝑝𝑙 is the equivalent 

plastic relative motion rate. 

Abaqus provides a number of hardening models varying from simple perfect 

plasticity to nonlinear isotropic/kinematic hardening. Connector hardening is 

analogous to the hardening models used in Abaqus for metals subjected to cyclic 

loading. 

Isotropic hardening behaviour defines the evolution of the yield surface size (𝐹0) 

as a function of the equivalent plastic relative motion (𝑢̅𝑝𝑙). This evolution can be 

introduced by specifying 𝐹0 directly as a function of 𝑢̅𝑝𝑙 in tabular form or by using 

the simple exponential law: 

 𝐹0 = 𝐹|0 + 𝑄∞ (1 − 𝑒−𝑏𝑢
𝑝𝑙
) (Eq. 4.11) 

where 𝐹|0 represents the yield value at zero plastic relative motion, while 𝑄∞ and 

b are material parameters. 𝑄∞ is the maximum change in the size of the yield 

surface, and b defines the rate at which the size of the yield surface changes as 

plastic deformation develops. When the equivalent force defining the size of the 

yield surface remains constant (𝐹0 = 𝐹|0), there is no isotropic hardening. 

When nonlinear kinematic hardening is specified, the centre of the yield surface is 

allowed to translate in the force space. The backforce (α) is the current centre of the 

yield surface. The yield surface is defined by the function: 

 𝛷:= 𝑃(f − 𝛼) − 𝐹0 ≤ 0 (Eq. 4.12) 

where 𝐹0 is the yield value and 𝑃(f − 𝛼) is the potential with respect to the 

backforce 𝛼. The kinematic hardening component is defined to be an additive 

combination of a purely kinematic term (the linear Ziegler hardening law) and a 

relaxation term (the recall term) that introduces the nonlinearity. When temperature 

and field variable dependencies are omitted, the hardening law is 

 𝛼𝑘 = 𝐶 ∙
1

𝐹0
∙ (f − 𝛼) ∙ 𝑢̇̅𝑝𝑙 − 𝛾 ∙ 𝛼 ∙ 𝑢̇̅𝑝𝑙 (Eq. 4.13) 
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where 𝐶 and 𝛾 are material parameters that must be calibrated from cyclic test data. 

𝐶 is the initial kinematic hardening modulus, and 𝛾 determines the rate at which the 

kinematic hardening modulus decreases with increasing plastic deformation. When 

𝐶 and 𝛾 are zero, the model reduces to an isotropic hardening model. When 𝛾 is 

zero, the linear Ziegler hardening law is recovered. 

 

4.2.3 Modelling 

The BRB frame 3D Abaqus model is reported in Figure 4-17. Figure 4-18a shows 

the BRB devices, with a length of 1455 mm, placed in series with braces with a 

hollow circular section and lengths of 2326 mm and 2586 mm, respectively, for the 

first and second floor. As shown in Figure 4-18b, the diagonal brace was modelled 

in Abaqus through four elements in series: an elastic element with a hollow section, 

a rigid element and two connectors acting in parallel. It is worth mentioning that 

the first element was modelled elastic as it is overstrength compared to the BRB 

device, while the rigid element was included to take into account the actual 

dimensions of the dissipative element. In order to improve the connections between 

the components, two 25 mm plates were placed at the ends of the circular hollow 

element. Except for the connectors, all other components have been modelled as 

solid elements (C3D8R). Both the rigid element and the plates have a solid circular 

cross-section with a radius of 75 mm. On the other hand, the elastic brace cross-

section has an external radius equal to 75 mm and a thickness of 10 mm. The 

material assigned to both the elastic brace and the connection plates was 

characterized by a Young’s modulus of 210 GPa and a Poisson’s coefficient equal 

to 0.3. Moreover, no plastic behaviour was defined since all the non-linearities were 

assumed to be concentrated in the connectors. On the other hand, a material with 

higher stiffness was assigned to the rigid element in order to ensure a rigid 

behaviour. To provide a uniform behaviour, all the diagonal elements have been 

connected by means of tie constraints.  

The diagonal brace is linked to the column through a special designed pinned 

connection. Figure 4-19 compares the connection detail used in the test specimen 

with the one modelled in Abaqus. As above, all elements have been modelled as 

solid elements (C3D8R). The used connection is made up of stiffeners welded to a 

rectangular plate and connected to the BRB end connection through a pin. A general 

contact, characterized by a friction coefficient of 0.35 in the tangential behaviour 

and a “hard” contact in the normal behaviour, was defined to model the interaction 

between the connection stiffeners, the BRB end and the pin, as well as the 

interaction between the bolts, the rectangular plate and the column. Given that no 

deformation occurred in these elements during the test, a perfectly elastic material 

with a Young's modulus of 210 GPa and a Poisson's coefficient of 0.3 was assigned 

to them. Regarding the bolts, a linear elastic-plastic model was used to describe the 
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material behaviour, characterized by a Young's modulus of 200 GPa, a Poisson's 

coefficient of 0.3, a yield stress of 640 MPa and an ultimate stress of 800 MPa 

corresponding to an ultimate plastic strain of 0.178. 

As in the former model, beams and columns were meshed using elements with an 

average size of 20 mm. The bolts and all areas with which they are in contact 

(column and rectangular connection plate) were meshed using an element with a 

dimension of approximately 5 mm. Figure 4-20 shows the mesh detail of the 

element involved in the connection between the BRB and the column. 

The non-linear behaviour of the BRB device was modelled using a connector 

element. This element type was chosen because it allows complex relationships to 

be defined between the relative displacements of two distinct points. Even if 

connector element behaviours allow for proper modelling of most physical 

connection behaviours within a single connector element, in rare circumstances, 

more complex connections may require multiple connector elements to be used in 

parallel or in series. In this case, each BRB device was modelled through two 

connectors in parallel.  

 

Figure 4-17 Description of the 3D bare frame Abaqus model 
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(a) (b) 

Figure 4-18 Diagonal Brace: (a) Test specimen; (b) Abaqus model 

 

    

(a) (b) 

Figure 4-19 BRB to Column Connection: (a) Test specimen, (b) Abaqus model 

 

       

 

(a) (b) (c) (d) 

Figure 4-20 Mesh detail of BRB to Column Connection: (a) Connection, (b) Plate, (c) Column, 

(d) Bolt. 
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4.2.4 Validation 

As in the previous case, the numerical simulations were performed through two 

steps: the Gravity and the Pseudo Dynamic analysis. The Pseudo Dynamic analysis 

was conducted by imposing the same horizontal floor displacements applied during 

the tests. In particular, the displacements were imposed on two different control 

points belongings to the top surface of the slab. The control points enforced the top 

surface of the slab to undergo the same horizontal displacement through coupling 

constraint. Quasi-static analysis in the implicit dynamic analysis category was 

selected for the Pushover analysis. As mentioned in the previous paragraph 

(3.2.4.2), the BRB frame was subjected to two PsD tests in which the same ground 

motion was scaled through two different scale factors: 1.0 and 1.5, respectively. 

The following section presents the validation of the model considering one scaled 

ground motion only (SF = 1). The comparison between the Abaqus model and test 

results regarding the other scale factor is presented in Appendix B. 

In order to validate the FE model, comparisons were made in terms of actuator 

forces, floor stiffness and local stress. In the following paragraphs, before showing 

the test measurements together with the Abaqus results, the connector calibration 

and validation are reported. 

4.2.4.1 Connector calibration 

The connector type and parameters were evaluated to provide a realistic 

representation of the BRB device. As mentioned before, to improve the accuracy of 

results, the BRB device was modelled using two connectors placed in series. The 

choice of including a second connector was guided by the awareness that, although 

only one pair of kinematic hardening parameters can be assigned to each connector, 

usually more than one pair of parameters is required to better capture the non-linear 

cyclic behaviour of the device. For each connector was defined a local rectangular 

coordinate system (CSYS) having the local z-axis coincident with the BRB axis. 

In order to assign the stiffness for all the components of relative motions (CORM), 

a Cartesian and Rotation type element was assigned to the first connector. A linear 

and uncoupled behaviour was used to define the elastic response of the connector. 

The axial stiffness (D33) was calibrated from the characteristics provided by the 

supplier and shown in Figure 4-21 in grey. On the other hand, the shear (D11, D22), 

the bending (D44, D55) and the torsional (D66) stiffnesses were defined 

considering the contribution provided by the encasing mortar and the external steel 

tube. For the axial behaviour only (D33), a plastic behaviour was defined by directly 

assigning isotropic and kinematic hardening parameters. All the parameters are 

shown in Table 4-4. 

Considering that the aim was to improve the accuracy of the results by adding more 

isotropic hardening parameters, a Cartesian type element was assigned to the 
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second connector. The axial (D33) and shear (D11, D22) stiffness values were 

evaluated to ensure that the system of two connectors in series could be 

representative of the actual BRB device behaviour. Due to the previously 

mentioned reason, a kinematic hardening only was defined for the axial plastic 

behaviour of the second connector. All the parameters are shown in Table 4-5. 

As shown in Figure 4-21, when calibrating the connector parameters, the 

asymmetrical behaviour of the BRB was neglected. This topic is dealt with in more 

detail in chapter 4.2.5. 

Table 4-4 Connector section 1 

Elasticity 

Definitio

n 
F, M Coupling D11 D22 D33 D44 D55 D66 

Linear All 
Uncouple

d 

1.00E+1

0 

1.00E+1

0 

8800

0 

1.95E+0

9 

1.95E+0

9 

4.97E+0

7 

Plasticity 

 Isotropic Hardening Kinematic Hardening 

Definitio

n 
Coupling F, M 

Yield 

F/M 
Qinf b 

Yield 

F/M 
C gamma 

Nonlinea

r 

Uncouple

d 
F3 75000 75000 0.003 75000 55000 1.25 

 

 

Table 4-5 Connector section 2 

Elasticity 

Definition F, M Coupling D11 D22 D33 D44 D55 D66 

Linear F1, F2, F3 Uncoupled 1.00E+10 1.00E+10 100 [-] [-] [-] 

Plasticity 

 Isotropic Hardening Kinematic Hardening 

Definition Coupling F, M 
Yield 

F/M 
Qinf b 

Yield 

F/M 
C gamma 

Nonlinear Uncoupled F3 [-] [-] 0. [-] 85.2 3000 0.25 
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Figure 4-21 BRB Cyclic Behaviour 

 

4.2.4.2 Ground Motion (SF=1) 

Figure 4-22 shows the displacement history imposed on the first and second floor 

during both the test and the numerical simulation. The first comparison between the 

test specimen and the FE model was made in terms of actuator forces, i.e., 

comparing the forces required to impose the predefined displacement. Figure 4-23 

shows the actuator force applied during the test compared with the one obtained 

through Abaqus. Although a good match can be achieved, it can be seen that at 

some isolated points, an error of around 40% is observed. Explanations for such 

behaviour can be related to the limitations of the model as discussed in section 4.2.5. 

It is worth mentioning that in order to highlight the differences, the most relevant 

steps only are shown. As shown in Figure 4-24, the second comparison was made 

in terms of the forces acting within the BRB forces. Once again, even if the error 

between the two values could reach approximately 50%, it can be seen that the 

Abaqus model successfully captures the experimental results. It can be seen that the 

highest error recorded in the actuator forces (i.e. 40%) turned out to be lower than 

the maximum error recorded in the BRB forces (i.e. 50%). This can be attributed to 

the gap in the connection, which is discussed in more detail in section 4.2.5. 

Nevertheless, as shown in Figure 4-25, the comparison in terms of floor stiffness 

demonstrate an excellent match between the two models. Figure 4-26 shows the 

BRBs behaviour recorded throughout the Abaqus simulations. Given that the BRB 

core elongation was not measured throughout the first test (SF=1), no comparison 

could be made for this parameter. Nonetheless, as discussed in the following 

sections (4.2.6), these graphs turn out to be crucial when investigating the 

effectiveness of the intervention. As in the previous cases, Figure 4-27, Figure 4-28, 

Figure 4-29 and Figure 4-30 show the comparison between the values obtained 
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from the strain gauges placed on the column and the corresponding values obtained 

from Abaqus. Once again, a good matching between the two models is shown. 

 

 

(a) 

 

Figure 4-22 Displacement History: (a) Second Floor; (b) First Floor. 

(b) 

 

 

(a) 

 

Figure 4-23 Actuator Force: (a) Second Floor; (b) First Floor 

(b) 
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(a) 

 

Figure 4-24 BRB Force: (a) Second Floor; (b) First Floor 

(b) 
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(a) 

 

Figure 4-25 Floor Stiffeness: (a) Second Floor; (b) First Floor. 

(b) 
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(a) 

 

Figure 4-26 BRB behaviour: (a) Second Floor; (b) First Floor. 

(b) 
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(a) 

 

(b) 

 

(c) 

 

Figure 4-27 Column Flange Strain Gauges - Detail 1: (a) SG1, (b) SG2, (c) SG3, (d) SG6 

(d) 
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(a) 

 

Figure 4-28 Column Web Strain Gauges - Detail 1: (a) SG4, (b) SG5 

(b) 
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(a) 

 

(b) 

 

Figure 4-29 Column Flange Strain Gauges - Detail 2: (a) SG7, (b) SG8, (c) SG9 

(c) 
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(a) 

 

(b) 

 

Figure 4-30 Column Flange Strain Gauges - Detail 3: (a) SG10, (b) SG11, (c) SG12 

(c) 
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4.2.4.3 Failure modes 

The Abaqus model was found to be capable of reproducing the failure mechanisms 

that affected the tested frame. In particular, Figure 4-31a shows a concentration of 

stresses in the area where the column web experienced fracture during the test 

(Figure 4-31b). In addition, Figure 4-32 shows the excessive deformations of a 

column at two nodal sections and the resulting high out-of-plane displacements 

observed during the experimental tests (3.2.6). On the other side, considering the 

modelling strategy adopted for the BRBs, it is clear that the Abaqus model cannot 

adequately model the contact between the BRBs and the columns (Figure 3-21b, c). 

In fact, considering that a gap of 30mm has been included in the BRB model, it is 

expected that the contact between the BRBs and the columns occurs for higher 

inter-storey drifts than those experienced throughout the test.  

  

(a) (b) 

Figure 4-31 Column local deformation: (a) Abaqus model; (b) Tested frame 
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(a) 

 

(b) 

Figure 4-32 Column deformation and out of plane displacements: (a) first floor, (b) second 

floor 
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4.2.5 Modelling limitations 

The model presented in the previous Sections (4.2.3) is affected by a few limitations 

that prevent it from completely recreating the test set-up conditions.  

As already shown in 4.2.4.1, the most evident limitation consists in BRB cyclic 

behaviour. In fact, the strength increase of the BRB in compression was neglected, 

thus assigning to the dissipative element a symmetrical cyclic behaviour.. The 

choice of not modelling the strength increase of 25% that occurs in compression for 

high plastic deformations is related to the difficulties in modelling this behaviour 

through a connector element. The real behaviour of the BRB could have been 

considered by modelling each part of the BRB in detail and calibrating the different 

material parameters to assign to the BRB core [68,69]. However, given that the aim 

of the model is to study the overall behaviour of the frame, detailed modelling of 

the BRB was ruled out. In the following Sections (5) this limitation will be 

overcome by performing Pushover analyses where the monotonic behaviour of the 

BRBs is considered both in tension and compression, accounting for the asymmetry 

of the devices. 

A further limitation consists in the modelling of the pinned connection between the 

BRB and the column. As shown in Figure 4-33a, in the test specimen, the pin 

diameter does not coincide with the dimension of the hole. On the contrary, as 

shown in Figure 4-33b, in the Abaqus model, the pin diameter perfectly fits into the 

hole of the connecting element. As demonstrated by the graphs shown in Figure 

4-34 and Figure 4-35, the different size between the pin and the hole causes slippage 

of the BRB up to 4 mm. Given that, it is expected that under the same inter-storey 

drift, the elongations to which the BRB is subjected in Abaqus is greater than the 

ones recorded during the test. As a result, the numerical model turns out to be more 

rigid than the real one, thus leading to an increase in the recorded forces.  

As already mentioned in 4.2.4.3, the Abaqus model appears to be inadequate to 

model the contact between the BRBs and the columns. However, considering that 

this issue can be overcome by modifying the connection system, the retrofit strategy 

through external BRBs is still considered viable, and its effectiveness is studied in 

the following sections (5). 
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(a) (b) 

Figure 4-33 Detail of the pinned connection between the BRB and the column: (a) Test 

specimen, (b) Abaqus model 

 

 

(a) 

 

(b) 

Figure 4-34 BRB slippage (Test with SF 1): (a) Second Floor, (b) First Floor 
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(a) 

 

(b) 

Figure 4-35 BRB slippage (Test with SF 1.5): (a) Second Floor, (b) First Floor 

4.2.6 Conclusions 

When comparing the in-plane stiffnesses of the BRB frame (Figure 4-25) and Bare 

frame (Figure 4-9), it is evident that the retrofit intervention provided an increase 

in frame stiffness and strength. Nonetheless, as shown in Figure 4-26, BRBs are 

found to remain almost entirely in the elastic range, thus resulting in nearly zero 

increase in the dissipative capacity of the frame. Considering that the main objective 

of the retrofit intervention consists in increasing the dissipative capacity of the 

frame other than its strength and stiffness, it can be stated that, under the test 

conditions, this retrofit intervention appears to be unsatisfactory. The following 

chapter (5) presents the study conducted to identify the parameters that determine 

this behaviour and the evaluation of their influence. 

Due to the high computational effort resulting from the detailed modelling of 

connections using mechanical elements, a simplified model is referred to from now 

on. As shown in Figure 4-36, the introduced simplification consists in modelling 

the connection between the BRB and the column through tie constraints between 

the plate and the flange of the column instead of using bolts. This decision is derived 

from the observation that the introduction of such a simplification does not 

significantly alter the results and also brings a computational benefit. This can be 
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observed in Figure 4-37, where the in-plane stiffnesses of the two models are 

compared. 

      

(a) (b) 

Figure 4-36 BRB to Column Connection: (a) Test specimen, (b) Abaqus model 

 

 

(a) 

 

Figure 4-37 Comparison between Floor Stiffeness in the model with bolt (Abaqus_Bolt) 

and the simplified model (Abaqus_Tie): (a) Second Floor; (b) First Floor. 

(b) 

  



 

Numerical modelling and parametric analysis of existing steel frames retrofitted with external BRBs 

87 

 

5 Retrofit Strategies Limitations 

5.1 Introduction 

5.1.1 Objectives 

The outcomes of both test results and numerical analysis illustrated in the previous 

chapters (3, 4) highlighted the limitation of the retrofit strategy and the need for 

careful considerations about the connection of the BRBs with the existing structure. 

As discussed in the present chapter, a critical aspect is the distortional deformability 

of the column and its torsional stiffness. The following models have been created 

to further discuss and analyse these aspects: 

• An equivalent model with BRBs positioned in-plane with respect to the 

frame; 

• An equivalent model with BRBs positioned externally with respect to the 

frame aided with torsional and distortional constraints for the columns and 

the joints. 

The comparison between these two models and the validated model from the 

experimental tests highlighted the influence of the torsional and distortional 

deformability of the column on the inelastic response and hence on the dissipative 

capacity of the BRBs. 

Subsequently, the influence of the torsional and distortional deformability of the 

column on the structural behaviour of the frame was investigated by considering 

the following models: 

• A model with external BRBs and torsional constraints only; 

• A model with external BRBs and distortional constraints only; 

Finally, after demonstrating that a distortional constraint is essential to increase the 

effectiveness of the retrofit intervention, a parametric analysis is conducted to 

evaluate the behaviour of the frame for different column torsional stiffnesses. To 

this aim, the following model was considered: 

• Several models with external BRBs and distortional constraints together 

with torsional springs characterised by different values of the stiffness. 

5.1.2 BRB Device Model 

To overcome the limitation related to the inaccurate modelling of the BRB cyclic 

behaviour, pushover analyses were performed. Therefore, an update of the BRB 

device model was required. As in previous models, the BRB device was modelled 

through two connectors placed in series. However, different parameters were 

assigned to accurately model the behaviour in tension and compression differently. 
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In order to assign the stiffness for all the components of relative motions (CORM), 

a Cartesian and Rotation type element was assigned to the first connector. A linear 

and uncoupled behaviour was used to define the elastic response of the connector. 

The shear (D11, D22), the bending (D44, D55) and the torsional (D66) stiffnesses 

were defined considering the contribution provided by the encasing mortar and the 

external steel tube. The smooth transition from the elastic to the plastic range was 

modelled by assigning to the axial behaviour only (D33) a plastic behaviour through 

kinematic hardening parameters (Table 5-1 and Table 5-3). Finally, the slope of the 

hardening branch was modelled through an Axial connector placed in series with 

the previous one (Table 5-2 and Table 5-4). The axial (D33) stiffness of both 

connectors was evaluated to ensure that the system of two connectors in series could 

represent an envelope of the actual BRB device behaviour (Figure 5-1 and Figure 

5-2). 

Table 5-1 Elasto-plastic Connector (tension) 

Elasticity 

Def. F, M Coupling D11 D22 D33 D44 D55 D66 

Linear All Uncoup. 1.00E+10 1.00E+10 85756 1.95E+09 1.95E+09 4.97E+07 

Plasticity 

 Kinematic Hardening 

Def. Coupling F, M Yield F/M C gamma 

Nonlin. Uncoup. F3 68215 65000 1.25 
 

 

Table 5-2 Elastic Connector (tension) 

Def. F, M Coupling D11 

Linear F1 Uncoup. 2243 
 

 

 

Figure 5-1 BRB cyclic behaviour vs. Connector monotonic behaviour (tension) 
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Table 5-3 Elasto-plastic Connector (compression) 

Elasticity 

Def. F, M Coupling D11 D22 D33 D44 D55 D66 

Linear All Uncoup. 1.00E+10 1.00E+10 82851 1.95E+09 1.95E+09 4.97E+07 

Plasticity 

 Kinematic Hardening 

Def. Coupling F, M Yield F/M C gamma 

Nonlin. Uncoup. F3 65904 65000 1.25 
 

 

Table 5-4 Elastic Connector (compression) 

Def. F, M Coupling D11 

Linear F1 Uncoup. 5148 
 

 

 

Figure 5-2 BRB cyclic behaviour vs. Connector monotonic behaviour (compression) 

 

5.1.3 Nonlinear Static Analysis 

As mentioned in a previous chapter (2.1.2), according to both EC8-1 and EC8-3, at 

least two vertical distributions of lateral loads should be applied: a “uniform” 

pattern, based on lateral forces that are proportional to mass regardless of elevation 

(uniform response acceleration) and a “modal” pattern, proportional to lateral forces 

consistent with the lateral force distribution determined in elastic analysis. 

However, as a first attempt, the second pattern only was applied. To this end, a 

modal dynamic analysis was conducted on both the bare frame and the BRB frame. 

The dynamic properties of the fundamental mode in the direction of interest are 

reported in Table 5-5 and illustrated in Figure 5-3. Therefore, an inverse triangular 

pattern consistent with the modal shape of interest was applied. The pushover 

analysis was conducted up to a top displacement of 285mm, which corresponds to 

an interstory drift of 6.0% at both storeys.  
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Table 5-5 Dynamic properties of fundamental period 

Bare Frame BRB Frame 

T [sec] 0.5 T [sec] 0.1 

Modal 

Shape 

[2° Floor] 1 Modal 

Shape 

[2° Floor] 1 

[1° Floor] 0.39 [1° Floor] 0.49 
 

 

  

(a) (b) 

Figure 5-3 Fundamental mode shape in the direction of interest: (a) Bare Frame, (b) BRB 

Frame 

5.2 BRB Frame 

The first step undertaken at this stage of the study was to conduct pushover analyses 

on the following models: 

• The Bare Frame model; 

• The BRB Frame model (test conditions). 

The two models are shown in Figure 5-4. The Bare Frame model (Figure 5-4a) was 

modelled in accordance with 4.1.1. The BRB Frame model (Figure 5-4b) was 

modelled in accordance with 4.2.3, and introducing the simplifications defined in 

4.2.6. The BRB device was instead modelled in accordance with 5.1.2. In both 

models, the steel material definition was changed in accordance with 4.1.1.1. 
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(a) (b) 

Figure 5-4 3D Abaqus Model for PushOver Analysis: (a) Bare Frame; (b) BRB Frame 

It is worth mentioning that, since the model in Abaqus has already proven to be 

unable to account for the contact between the BRB and the column appropriately 

(4.2.5), only the pushover analyses results in which BRBs are in tension are reported 

and discussed. In addition, given that the objective of the present chapter is to 

identify the limitations of the retrofit intervention, it is sufficient to analyse the 

frame behaviour in one direction only. In fact, once eliminated the chance of contact 

between the BRBs and the column, it is expected that the frame pushover curves in 

the two directions turn out to be similar, presenting a higher resistance in the 

direction where the BRBs are in compression. This result can be derived having 

considered the non-symmetrical cyclical behaviour of the BRB (Figure 5-1, Figure 

5-2). 

As shown in Figure 5-5, it is clear that the placement of BRBs results in an increase 

of the frame stiffness and strength. However, as already proven in the previous 

chapter, the dissipative capacity of the frame remains almost unchanged. Although 

the dissipative capacity of the frame is not directly assessable through pushover 

analysis, indirect information about it can still be obtained. For instance, by 

monitoring the BRB elongation in relation to storey drift, indirect information on 

the dissipative capacity of the frame can be derived. To this end, Figure 5-6 shows 

the first floor BRB elongation against storey drift (i.e., first floor displacement). In 

this case, it can be seen that the ultimate elongation of the BRB (20 mm) is reached 

for an interestory drift of about 3.5%. Figure 5-7 shows the column’s cross-

sectional deformation for an interstory drift of 3%. This picture will be essential in 

5.3.3 when trying to identify the parameters affecting the retrofit effectiveness. 
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Figure 5-5 Pushover curve: Bare Frame and BRB Frame (test conditions) 

 

 

Figure 5-6 First floor BRB elongation against top displacement 
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(a) (b) 

Figure 5-7 Column cross-sectional deformation for an interstory drift of 3.5%: (a) first floor, 

(b) second floor; 

 

The basic BRB frame kinematic behaviour shown in Figure 5-8 illustrates that, 

under the assumption of small changes of angles, BRB axial deformation can be 

calculated in accordance with Eq. (5-1): 

 ∆𝑏𝑥= ∆𝑥 ∙ 𝑐𝑜𝑠(𝛼) (5-1) 

where ∆𝑥 is the design storey drift, and 𝛼 is the BRB angle of inclination with 

respect to the horizontal[16]. Given this, the BRB failure should occur for a story 

drift of 1%. Therefore, it is clear that due to different factors, the integration of 

external BRBs in the tested conditions does not allow achieving the same 

performance as when BRBs are placed in-plane within the frame. 
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Figure 5-8 Basic BRB frame kinematic behaviour[16] 

 

5.3 Identification of the Limiting Parameters 

Given the outcomes of the previous section, the aim of this paragraph is to identify 

the design parameters which affect the effectiveness of the retrofit intervention. To 

this aim, the following two models were created and analysed: 

• An equivalent model with BRBs positioned in-plane with respect to the 

frame; 

• An equivalent model with BRBs positioned externally with respect to the 

frame aided with torsional and distortional constraints for the columns and 

the joints. 

The first model was considered as a reference since it represents the typical retrofit 

solution when implementing BRBs in an existed structure. Hence, the results of that 

model could provide a good reference to identify the design parameters that affect 

the performance of the intervention. 

5.3.1 In-Plane BRBs 

Figure 5-9 shows the Bare Frame model retrofitted with internal BRBs. The Bare 

frame model corresponds exactly to the one described in 5.2. The whole diagonal 

braces (i.e., the hollow elastic element and the rigid element) were modelled as 

illustrated in 4.2.3, while the BRB device was modelled in accordance with 5.1.2. 

It is worth mentioning that, in this model, the length of the hollow elastic element 

was slightly reduced to allow the inclusion of the gusset plates. The gusset plates 

considered in this model are shown in Figure 5-10. The shape of the gusset plates 

was designed to minimize their area at the effective stress transfer zone [70] hence 

limiting the increase in the rotational strength and stiffness of the joints. The gusset 

plates were designed in accordance with the specification given in EN 1993-1-8 [71] 
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for bolted connection. Moreover, in accordance with AISC 341-16 [29] 

specifications, the thickness of the gusset plates was defined to ensure that the 

buckling capacity of the gusset plate was greater than the BRBs maximum 

compressive force [72]. The outcomes of this model are shown in 5.3.3.  

 

 

Figure 5-9 3D InPlane BRBs Frame Abaqus Model 

 

  

 

 

Figure 5-10 Gusset plates details 
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5.3.2 External BRBs with torsional and distorsional constraints 

Given the outcomes of the experimental campaign and considering what illustrated 

in Figure 5-7, it is possible to assume that the parameters influencing the behaviour 

of the retrofitted frame are mainly two: the torsional stiffness and the distortional 

deformability of the column. To prove this assumption, additional constraints were 

introduced in the BRB Frame model to prevent distortional deformations of the 

column’s cross-section and global torsional rotation of the column. 

Figure 5-11a shows the Bare Frame model retrofitted with external BRBs. The BRB 

Frame corresponds exactly to the one described in 5.2. To avoid the distortional 

deformation of the column, a rigid body constraint was created to tie the 

displacements of the column's cross-section to the displacements of the Reference 

Point located at its geometric centre. This constraint was applied in one cross-

section for each connection zone between BRBs and frame Figure 5-11b. In 

addition, to prevent global torsional deformation of the column, rotation around the 

vertical axis and out-of-plane displacements of each RP were constrained. The 

outcomes of this model are shown in 5.3.3. 

 

 

(a) (b) 

Figure 5-11 3D external BRBs Frame with torsional and distorsional constraints: (a) Abaqus 

Model; (b) Rigid Body Constraint 

 

5.3.3 Outcomes 

The outcomes of the models described in 5.3.1 and 5.3.2 are here presented and 

compared. It is worth mentioning that the pushover curve related to the bare frame 
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model (T_BareF) and the BRB frame model in the tested conditions (T_BRBF) are 

here presented to draw more general conclusions.  

As mentioned in 5.2, the placement of BRBs results in an increase in frame stiffness 

and strength. However, when comparing the results obtained from the frame with 

external BRBs under the tested conditions (T_BRBF) with those obtained from the 

frame with internal BRBs (T_BRBF_InPl), it can be seen that the retrofit technique, 

under the conditions present during the test, does not guarantee the same 

performances resulting from the placement of internal BRBs. In fact, it can be seen 

that the stiffness of the frame with internal BRBs is significantly higher; moreover, 

the BRBs failure due to reaching maximum elongation occurs at lower 

displacements (Figure 5-12). The latter aspect, together with the graph shown in 

Figure 5-13, proves that the dissipative capacity of the frame with internal BRBs is 

definitely greater than the dissipative capacity of the frame with external BRBs 

under the tested conditions. In fact, it is evident that for the same storey drift, the 

BRB's elongation is much greater when placed inside the frame. 

On the other hand, the comparison between the model with internal BRBs 

(T_BRBF_InPl) and the model with external BRBs together with torsional (TC) 

and distortional (DC) constraints (T_BRBF_TC_DC) shows that the latter two 

aspects have a significant influence on the effectiveness of the intervention. In fact, 

when the distortional and torsional deformation of the column is prevented, the 

retrofit intervention involving external BRBs and the one with internal BRBs show 

very similar results. 

 

Figure 5-12 Pushover curve 

 



 

Numerical modelling and parametric analysis of existing steel frames retrofitted with external BRBs 

98 

 

 

Figure 5-13 First floor BRB elongation against top displacement 

 

5.4 Influence of the Limiting Parameters 

Once identified the design parameters (i.e., torsional stiffness and distortional 

deformations) that affect the effectiveness of the intervention, the influence of each 

parameter on the retrofitted frame's response is investigated in this chapter. To this 

end, the following two models were created and analysed: 

• External BRBs with torsional constraints (TC); 

• External BRBs with distortional constraints (DC). 

5.4.1 External BRBs with torsional constraints 

In this model, the aim is to prevent torsional rotation of the column while leaving 

the distortion unrestricted. The BRB Frame (Figure 5-14a) was modelled in 

accordance with 5.2. The torsional constraint was modelled by constraining the out-

of-plane displacements of the inner flange of the column. These constraints were 

applied in limited areas for each connection node between the BRBs and the frame 

(Figure 5-14b).  

The pushover analysis on this model proves that the performance improvements of 

the retrofitted frame are very limited when only global torsional rotation of the 

column is prevented. In fact, as shown in Figure 5-15, the stiffness and strength of 

the frame remain almost unchanged. In addition, the behaviour of the BRB against 

the storey drift remains almost unaltered (Figure 5-16). 
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(a) (b) 

Figure 5-14 BRB frame 3D Abaqus model with torsional constraints: (a) Whole Model; (b) 

Detail of the torsional constraint 

 

 

Figure 5-15 Pushover curve 

 



 

Numerical modelling and parametric analysis of existing steel frames retrofitted with external BRBs 

100 

 

 

Figure 5-16 First floor BRB elongation against top displacement 

 

5.4.2 External BRBs with distortional constraints 

In this model, the aim is to prevent the column distortional deformation while 

leaving the torsional rotation unrestricted. The BRB frame (Figure 5-17a) was 

modelled in accordance with 5.2. To avoid the distortional deformation of the 

column, a rigid body constraint was created to tie the displacements of the column's 

cross-section to the displacements of the Reference Point located at its geometric 

centre. This constraint was applied in one cross-section for each connection zone 

between the BRBs and the frame Figure 5-17b. 

The pushover analysis on this model proves that the application of a distortional 

constraint at the column nodes results in a significant increase in frame stiffness 

(Figure 5-18). Nevertheless, this intervention does not lead to a significant increase 

in the dissipative capacity of the frame. In fact, although the BRB behaviour differs 

from that obtained for the model without additional constraints, the additional 

torsional constraints do not allow the yielding of the devices for small drift (Figure 

5-19). 
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(a) (b) 

Figure 5-17 BRB frame 3D Abaqus model with distortional constraints: (a) Whole Model; (b) 

Detail of the distortional constraint 

 

 

Figure 5-18 Pushover curve 
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Figure 5-19 First floor BRB elongation against top displacement 

 

5.5 Parametric Analysis 

5.5.1 Considered Models 

In the previous section, the influence of torsional and distortional stiffness on the 

performance of the retrofitted frame was studied separately. It was observed that by 

preventing torsional rotation of the column, the response of the frame remained 

almost unchanged. On the other hand, preventing a distortional deformation of the 

column only resulted in a slight increase in the initial stiffness of the frame. 

In this section, the aim is to investigate the influence of torsional column stiffness 

when distortional deformation is prevented. To this aim, the following model was 

considered. The BRB Frame (Figure 5-20a) was modelled in accordance with 5.2. 

To avoid the distortional deformation of the column, a rigid body constraint was 

considered as described in 5.4.2. The different torsional stiffness of the column was 

modelled by placing a rotational spring connecting the ground with each RP (Figure 

5-20b). It is worth mentioning that the introduction of a rotational spring can be 

useful to account for the rotational stiffness of a column with a greater profile as 

well as for the additional constraints which arise in a 3D frame (i.e., connections 

with transverse beams, floor slabs and infills). 

The stiffness values assigned to the springs were defined by evaluating the pure 

torsional stiffness (i.e., related to the pure torsional moment, also identified as St 

Venant’s torsion) of the reference sections and amplifying them by means of 

coefficients (α). Table 5-6 shows the stiffness values assigned to the torsional 

springs placed at each floor.  
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The pushover curves of all the models with different torsional stiffness are shown 

in Figure 5-21. As can be seen from the graph, the torsional stiffness of the column 

becomes relevant when column distortion is prevented. In fact, it can be seen that 

at higher torsional stiffnesses, the performance of the frames increasingly 

approaches the limit case of a retrofitted frame with internal BRBs. This outcome 

is also shown in Figure 5-22. 

 

 

(a) (b) 

Figure 5-20 BRB Frame 3D Abaqus model with distortional constraints: (a) Whole Model; (b) 

Detail of the distortional constraint and torsional spring. 

 

Table 5-6 Torsional Spring stiffness 

Coeff. 
Torsional Stiffness [Nmm] 

Base Floor 1 Floor 2 

𝛼 = 0.5 2.7E+07 2.7E+06 1.3E+06 

𝛼 = 1 5.5E+07 5.3E+06 2.5E+06 

𝛼 = 2.5 1.4E+08 1.3E+07 6.3E+06 

𝛼 = 5 2.7E+08 2.7E+07 1.3E+07 

𝛼 = 10 5.5E+08 5.3E+07 2.5E+07 

𝛼 = 50 2.7E+09 2.7E+08 1.3E+08 

𝛼 = 100 5.5E+09 5.3E+08 2.5E+08 

𝛼 = 500 2.7E+10 2.7E+09 1.3E+09 
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Figure 5-22 First floor BRB elongation against top displacement 

 

5.5.2 Outcomes 

The results shown so far can be useful to outline design recommendations. 

Although extensive details on the methodology used for BRBs design can be found 

elsewhere in literature [17,19,73–77], a brief outline of the design process and the 

parameters involved is here presented to introduce the key aspects.  

The primary objectives that dictate the BRBs design process comprise of (a) 

defining BRBs dimensions such that they produce a controlled increase of the base 

shear capacity of the system, that is, the base shear of the dissipative system (Vd,1) 

when added to the base shear of the bare frame (Vf,1); (b) distributing the stiffness 

of BRBs among the stories such that the first mode shape of the bare frame remains 

unchanged following the retrofit implementation. This aims at avoiding drastic 

changes to the moments distribution within the MRF; (c) distributing the BRBs 

strengths among the stories to ensure simultaneous yielding of BRB devices. This 

condition is usually sought in the design in order to maximize the dissipation 

capacity of the system; (d) calibrating the stiffness and ductility of the BRBs such 

that the device failure occurs at a design displacement (du) defined as per the 

ductility capacity of the bare frame. It is noteworthy that The BRB design procedure 

is based on the displacement distribution of the first vibration mode and uses 

nonlinear static analysis and a single degree-of-freedom (SDoF) simplification for 

the definition of some design parameters that are related to the retrofit objectives, 

such as the design displacement (du); the target ductility of the dissipative braces 

(μd), and the base shear capacity of the dissipative system (Vd,1). The design method 

provides the strength Fd,i, and stiffness Kd,i of the BRBs at each story. Following 
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this, the components’ properties, such as length, area, and materials of BRB devices 

and elastic braces, can be easily derived according to a series arrangement[17]. 

Considering the above, it seems clear that the definition of the design displacement 

(du) trough pushover analysis represents a fundamental step when designing a BRB 

retrofit intervention. Therefore, the results obtained from this thesis work turn out 

to be crucial for properly designing retrofit interventions by means of external 

BRBs. In fact, the results show that the torsional stiffness of the column 

significantly influences the displacement value associated with the BRB crisis. In 

light of this, the increase in displacement observed in the performed analyses was 

linked to some key design parameters, such as the BRB yield force (𝐹𝑦), the BRB 

eccentricity (𝑒) and the column torsional stiffness (𝐾𝑡). To this aim, in the graph 

(Figure 5-23) is presented a dimensionless parameter (β) defined by Eq.(4-7) was 

plotted against the ratio between the storey drift displacement (IDR) associated with 

the BRB crisis of each model with external BRBs to the IDR at which the BRBs 

fail in the model with internal BRBs. Therefore, this graph could represent a simple 

tool to evaluate the increase in displacement associated with the crisis of the 

dissipative element in retrofits solutions with external BRBs. 

 
𝛽𝑖 =

𝐹𝑦 ∙ 𝑒

𝐾𝑡
=

𝐹𝑦 ∙ 𝑒

𝐾0 + 𝛼 ∙ (
𝐺 ∙ 𝐼𝑡
𝐿𝑖

)
≅

𝐹𝑦 ∙ 𝑒

(1 + 𝛼) ∙
𝐺 ∙ 𝐼𝑡
𝐿𝑖

 
(5-2) 

It is worth mentioning that the torsional stiffness considered here is the sum of the 

effective torsional stiffness of the node (𝐾0) and the additional stiffness introduced 

through the rotational spring (𝐾𝛼).  

The figure shows that the results obtained can be approximated through a lognormal 

function. 
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Figure 5-23 Torsional Stiffness Influence on Top Displacement 

In addition, the graph shows that three different approaches can be followed to limit 

column deformability effects: (1) modifying the BRB yield force, (2) modifying the 

BRB eccentricity, (3) acting on column torsional stiffness. In the first scenario, it is 

possible to select BRBs with yield strengths to enable their activation while leaving 

the torsional stiffness of the existing columns unaltered. In the second case, the 

effects related to the placement of external BRBs could be limited by reducing the 

eccentricity of the connection. However, it is noteworthy that this approach has 

restrictions as it is constrained by geometric limitations. Finally, it would be 

possible to consider a combined intervention aimed at connecting the BRBs while 

increasing the torsional stiffness of the column. Nevertheless, it is worth 

emphasising that the initial analysed model (5.2) does not take into account the 

additional torsional constraints provided by the orthogonal beams, slab and non-

structural elements in a real 3D structure. Therefore, increasing the torsional 

stiffness of the column could be not necessary where the torsional constraint at the 

nodes appears to be already satisfactory. 
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5.6 Possible Solutions 

5.6.1 Preventing column distortion  

Paragraphs 5.4 and 5.5 have shown that the column torsional stiffness significantly 

affects the behaviour of the retrofitted frame by means of external BRBs. However, 

it has also been shown that a high torsional stiffness hardly modifies the behaviour 

of the frame if the column's distortional deformations are not prevented. Therefore, 

assuming that the nodal torsional stiffness in a 3D frame turns out to be sufficient, 

the aim of this section consists in identifying the best intervention type to avoid the 

distortional deformability of the column. 

To this end, three different types of intervention were considered. Firstly, two 

stiffening plates were placed in the middle of the joint (Figure 5-24). Then, four 

stiffening plates were placed within the node area: two plates at each end of the 

panel node (Figure 5-25). Finally, six stiffening plates were considered: two plates 

at each end of the panel nodal and two plates in the centre of the node (Figure 5-26). 

The pushover curves reported in Figure 5-17 demonstrate that the placement of two 

stiffening plates (T_R_2Pl) prevents distortional deformation of the column in the 

nodal area. As a result, the frame presents a stiffness increase equal to the one 

observed in the frame discussed in section 5.4.2. Based on further analysis, it is 

evident that the introduction of 6 stiffening plates is completely equivalent to the 

inclusion of four stiffening plates, resulting in a slight increase in stiffness and 

strength. Therefore, based on these analyses, it appears that the inclusion of four 

plates seems to be the best compromise between the performance and invasiveness 

of the intervention. 

  

(a) (b) 

Figure 5-24 Retrofit solution: one additional plate: (a) external view, (b) internal view; 
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(a) (b) 

Figure 5-25 Retrofit solution: two additional plate: (a) external view, (b) internal view; 

 

  

(a) (b) 

Figure 5-26 Retrofit solution: three additional plate: (a) external view, (b) internal view; 
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Figure 5-27 Pushover curves 

 

5.6.2 Influence of a 3D configuration 

All the above considerations have been conducted on a single frame. As already 

seen in the previous section (5.5), the torsional stiffness of the column panel zone 

significantly affects the structural behaviour. In this section, an attempt is made to 

assess the structural behaviour of the frame retrofitted with external BRBs by 

explicitly accounting for the additional torsional constraint provided by the 

orthogonal beams, the slab and the additional frames. 

The considered FE model (Figure 5-28) was built according with the modelling 

strategies adopted in the previous Section (4). The FE model reflect the 3:4 scaled 

prototype building introduced in Section 3. However, to reduce computational time, 

only half of the model was built with appropriate boundary conditions to account 

for the symmetry of the structure. In addition, column distortional deformability 

was prevented introducing the solutions described in Section 5.6.1 (Figure 5-29). It 

is worth mentioning that to reduce the slab influence, only the effective thickness 

of the slab was considered (i.e., 7.7mm). 

The result shown in Figure 5-30 and Figure 5-31 demonstrate that when assessing 

the structural behaviour of the retrofitted frame with external BRBs, the additional 

torsional constraint provided by the 3D structure cannot be neglected. It is worth 

mentioning that the above results show that the actual three-dimensional 

configuration is equivalent to the single frame model equipped with a rotational 

spring (5.5.1) whose stiffness is defined by equation (5-2) considering the “α” 

parameter equal to “500”. In fact, the BRB failure occurs at an IDR of nearly 30% 

of the one observed in the single-frame model with no additional stiffening plates 

(T_BRBF model). Moreover, the reduced IDRs at the failure of BRBs were less 

than 20% larger than those of the model with internal BRBs 
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(T_BRBF_DC_TC_KInf), indicating that the retrofit scheme using external BRBs 

with the stiffening plates can lead to approximately the same structural performance 

as the conventional retrofit approach using internal BRBs. In particular  

 

 

Figure 5-28 3D Abaqus model 

 

  

(a) (b) 

Figure 5-29 Details of the additional stiffening plates; 
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Figure 5-30 Pushover curves 

 

 

Figure 5-31 First floor BRB elongation against storey drift 
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6 Conclusions 
The need to reduce the invasiveness of the seismic retrofitting intervention by 

means of BRBs contributed to inspire the HITFRAMES[1] research project on 

which this thesis is founded. The main outcomes of the experimental campaign 

proved that further considerations were needed to increase the effectiveness of the 

intervention. De facto, the inclusion of diagonal braces, as carried out in the 

laboratory, allowed to increase the stiffness of the frame but not its dissipative 

capacity. 

The above considerations inspired this dissertation. Indeed, the main objective of 

the study was to identify the design parameters that limited the effectiveness of the 

intervention and then investigate solutions that would allow design 

recommendations to be outlined. To this aim, the following methodological 

approach has been adopted. First, a non-linear FEM detailed (Abaqus) model was 

developed and validated against the experimental results. Thereafter, the validated 

model was subjected to pushover analysis aimed at identifying the key design 

parameters that influenced the effectiveness of the intervention and evaluating their 

influence on the frame behaviour. Finally, based on what was observed in the 

previous step, design recommendations were outlined. 

The present study demonstrated that neglecting the torsional and distortional 

deformability of the column during the design process leads to a drastic 

performance reduction of the retrofitted frame. In particular, pushover analyses 

have shown that without torsional and distortional constraints, BRB yielding occurs 

at larger inter-storey drifts, thus making BRB inclusion ineffective. Therefore, to 

achieve similar performance between retrofit intervention through external BRBs 

and internal BRBs, it is required that in the former, distortional deformability of the 

column in the nodal zone is prevented and that an adequate torsional constraint is 

provided for the column. Hence, the retrofitting solution by means of external BRBs 

turns out to be effective in cases in which the other structural elements (e.g., 

orthogonal beams, slab, infills) are able to guarantee an adequate torsional restraint 

for the column, and at least four stiffening plates can be placed in the nodal zone. 

However, when torsional restraint appears to be inadequate, it is still possible to 

vary the strength or eccentricity of the BRB to reduce the column deformability 

effects. 
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6.1 Future works 

Although the present thesis work allowed the identification of preliminary design 

recommendations, further studies are needed to improve the proposed seismic 

retrofit strategy. In particular, the following tasks are proposed as future research 

topics: 

• Improvement of the methodology for the modelling of BRB devices, which 

is currently limited to a symmetric cyclic behaviour. A more refined 

procedure should instead be able to capture the BRB strength increase in 

compression; 

• Further consideration on the 3D model of the structure to explicitly consider 

the torsional constraints offered by orthogonal beams; 

• Assess the feasibility and effectiveness of the intervention for structures 

with other column profiles (e,g,. rectangular hollow sections); 

• Design improvements to increase the nodal torsional stiffness when it 

proves to be inadequate; 

• Extend the studies to a larger number of frames to explicitly account for the 

variation of several key design parameters (e.g., BRB yield strength, BRB 

ultimate strength, BRB eccentricity, node torsional stiffness) and identify a 

more accurate relationship linking these parameters to the performance of 

the retrofitted frame. 
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Appendix A 
The present appendix presents a comparison between the experimental results and 

Abaqus results concerning the bare frame subjected to the seismic sequence scaled 

by 0.75 and 1. Finally, a comparison of the main results obtained for the different 

scaling factors is reported. 

A.1. Scaled Ground Motion (SF = 0.75) 

The procedure described in Section 4.1.2.1 was repeated considering the ground 

motion scaled by a scale factor of “0.75”. Therefore, the following graphs are 

completely analogous to the ones previously presented. 

 

(a) 

 

Figure A1-1 Displacement History: (a) Second Floor; (b) First Floor 

(b) 
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(a) 

 

Figure A1-2 Actuator Force: (a) Second Floor; (b) First Floor 

(b) 
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(a) 

 

Figure A1-3 Floor Stiffeness: (a) Second Floor; (b) First Floor 

(b) 
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(a) 

 

(b) 

 

(c) 

 

Figure A1-4 Column Flange Strain Gauges - Detail 1: (a) SG1, (b) SG2, (c) SG3,  

(d) SG6 

(d) 
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(a) 

 

Figure A1-5 Column Web Strain Gauges - Detail 1: (a) SG4, (b) SG5 

(b) 
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(a) 

 

(b) 

 

Figure A1-6 Column Flange Strain Gauges - Detail 2: (a) SG7, (b) SG8, (c) SG9 

(c) 
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(a) 

 

(b) 

 

Figure A1-7 Column Flange Strain Gauges - Detail 3: (a) SG10, (b) SG11, (c) SG12 

(c) 
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A.2. Scaled Ground Motion (SF = 1) 

The procedure described in Section 4.1.2.1 was repeated considering the ground 

motion scaled by a scale factor of “1”. Therefore, the following graphs are 

completely analogous to the ones previously presented. 

 

(a) 

 

Figure A2-1 Displacement History: (a) Second Floor; (b) First Floor 

(b) 

 

 

(a) 

 

Figure A2-2 Actuator Force: (a) Second Floor; (b) First Floor 

(b) 
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(a) 

 

Figure A2-3 Floor Stiffness: (a) Second Floor; (b) First Floor. 

(b) 
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(a) 

 

(b) 

 

(c) 

 

Figure A2-4 Column Flange Strain Gauges - Detail 1: (a) SG1, (b) SG2, (c) SG3,  

(d) SG6 

(d) 
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(a) 

 

Figure A2-5 Column Web Strain Gauges - Detail 1: (a) SG4, (b) SG5 

(b) 
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(a) 

 

(b) 

 

Figure A2-6 Column Flange Strain Gauges - Detail 2: (a) SG7, (b) SG8, (c) SG9 

(c) 
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(a) 

 

(b) 

 

Figure A2-7 Column Flange Strain Gauges - Detail 3: (a) SG10, (b) SG11, (c) SG12 

(c) 
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A.3. Comparison between scale factors 

Figure A3-1 and Figure A3-2 summarise the results shown in the previous section 

and in 4.1.2. As already mentioned, these data prove that the Abaqus model can be 

considered as valid, i.e., equivalent to the real model. 

 

 

(a) 

 

Figure A3-1 Actuator Force: (a) First floor; (b) Second floor 

(b) 
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(a) 

 

Figure A3-2 Floor stiffness: (a) Second floor; (b) First floor 

(b) 
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Appendix B 
The present appendix presents a comparison between the experimental results and 

Abaqus results concerning the BRB frame subjected to the seismic sequence scaled 

by 1.5. 

B.1. Scaled Ground Motion (SF = 1.5) 

The procedure described in Section 4.2.4.2 was repeated considering the ground 

motion scaled by a scale factor of “1.5”. Therefore, the following graphs are 

completely analogous to the ones previously presented. 

 

(a) 

 

Figure B1-1 Displacement History: (a) Second Floor; (b) First Floor 

(b) 
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(a) 

 

Figure B1-2 Actuator Force: (a) Second Floor; (b) First Floor 

(b) 

 

 

(a) 

 

Figure B1-3 BRB Force: (a) Second Floor; (b) First Floor 

(b) 
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(a) 

 

Figure B1-4 Floor Stiffness: (a) Second Floor; (b) First Floor 

(b) 
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(a) 

 

Figure B1-5 BRB behaviour: (a) Second Floor; (b) First Floor 

(b) 
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(a) 

 

(b) 

 

(c) 

 

Figure B1-6 Column Flange Strain Gauges - Detail 1: (a) SG1, (b) SG2, (c) SG3,  

(d) SG6 

(d) 
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(a) 

 

Figure B1-7 Column Web Strain Gauges - Detail 1: (a) SG4, (b) SG5 

(b) 
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(a) 

 

(b) 

 

Figure B1-8 Column Flange Strain Gauges - Detail 2: (a) SG7, (b) SG8, (c) SG9 

(c) 
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(a) 

 

(b) 

 

Figure B1-9 Column Flange Strain Gauges - Detail 3: (a) SG10, (b) SG11, (c) SG12 

(c) 
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