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1. Introduction 

 

There are many structures worldwide that have been 

designed and constructed before the implementation of 

seismic codes and therefore are in need of seismic retrofit or 

upgrading (Mahdi et al. 2017). These structures, when 

exposed to a severe earthquake, most likely will be 

demolished if they suffer severe damage during earthquakes. 

The demolition process of an existing building causes a 

significant waste of nonrenewable building materials 

(Reinhardt 2012) besides the huge amount of energy and 

cost involved in the process of demolition itself 

(Aninthaneni and Dhakal 2017). Seismic retrofit is 

considered an effective alternative for these structures, and 

various types of seismic retrofit or energy dissipation 

devices have been developed in the literature. For example, 

displacement dependent hysteretic devices (Kim et al. 2009, 

Noureldin et al. 2019, Javidan and Kim 2020, Javidan et al. 

2021), viscous or viscoelastic devices (Kim and Bang 2003, 

Naeem and Kim 2018, Xu et al. 2020), friction devices 

(Mualla. and Belev 2002, Lee et al. 2008, Javidan and Kim 

2019). 

It has been acknowledged that post-earthquake retrofits 

are practically difficult and expensive especially for critical 

components, such as the beam-column joints (Song et al.  
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2014). In general, seismic retrofit or upgrading of existing 

structures can be categorized into two main strategies, 

which are global or local. Each one of them has its own 

disadvantages that hinder it from being applicable in certain 

situations. Global strengthening may increase seismic 

demands on the foundation (Noureldin and Kim 2011, 

Noureldin and Kim 2015); on the other hand, local retrofit 

requires skilled-labor and may be expensive (Kam and 

Pampanin 2010). 

Beam-column connection failure is considered as one of 

the most important factors of failures for precast industrial 

buildings (Clementi 2016). This has been reported in many 

studies after major earthquakes, such as 2012 Emilia 

earthquake in Italy (Savoia et al. 2012 and Bournas et al. 

2014), New Zealand earthquakes in 2010 and 2011 

(Smyrou et al. 2011 and Nastri et al. 2017), and the Turkey 

earthquake 2011 (Magliulo et al. 2015). Based on the 

observation, the potential of many researchers has been 

directed toward the investigation of new retrofit techniques. 

For example, Kam and Pampanin (2010) introduced a 

selective-weakening (SW) and joint post-tensioning to 

retrofit non-ductile exterior beam-column joints. Rusu and 

Pauleta (2012) increased the strength of the beam-column 

joint through anchoring the longitudinal bars of the beam to 

steel plates placed on the exterior column surface. Shafaei 

et al. (2014a, b) used steel angles prestressed by cross ties 

with stiffeners welded to the angles to improve the seismic 

capacity of the joints, in terms of strength, stiffness, energy 

dissipation, and ductility.  Song et al. (2014) proposed a 

self-centering prestressed concrete moment resisting frame, 
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which is suitable for new buildings, with web friction 

devices and demonstrated the improvement through two 

full-scale beam-column connections. Mahdi et al. (2017) 

introduced steel angles placed on the faces of beam-column 

intersections externally and fixed by prestressed cross-ties 

to retrofit monolithic beam-column connection having plain 

rebars. Recently, new materials have been investigated such 

as insertion of a lead extrusion damper in the beam-column 

joints of precast RC frames (Cihan et al. 2018) or powder 

lining, super lining and metal lining (Anoushehei et al. 

2017). Adding external PC frames for retrofit of existing 

RC structures is proposed with enlarged beam ends at joints 

(Nour Eldin et al. 2019) or without (Eldin et al. 2020 a, b). 

Wang et al. (2019) conducted an experimental study on the 

strengthening of seismically deficient RC beam-column 

joints using carbon fiber reinforced polymer. Maddah et al. 

(2020) used angles and post-tensioned bolts to enlarge the 

joint core of 3D RC beam-column joints. Majumder et al. 

(2021) investigated the cyclic behavior of RC beam-column 

joints strengthened with innovative polymeric-based 

geosynthetic materials. Khodaei et al. (2021) used a similar 

technique and applied it on 7 external beam-column 

connection specimens. Marchisella et al. (2021) tested four 

beam-to-column Joint sub-assembly with slab and 

transverse beam after retrofitting the 3D RC exterior joint 

with a fully-fastened-haunch.  

Despite the extensive research studies conducted to 

provide better solutions for seismic performance, many of 

these solutions cannot be implemented in practice due to the 

increased on-site labor, longer construction time, and 

substantial cost and downtime. In addition, many of the 

external retrofit solutions developed for cast-in-situ RC 

buildings are not suitable for PC industrial structures 

because the heights, lengths, and flexibility of these 

structures require different solutions (Belleri et al. 2015). 

Moreover, most of these solutions are suitable for newly 

constructed structures or require intervention that interrupts 

the functionality of the existing structure. Furthermore, 

most of the studies focused on the experimental and 

numerical validation, and rare studies investigated the 

damage and collapse capacity, fragility probability, and life 

cycle cost (LCC) of the upgraded structure. 

From a practical perspective, there are some limitations 

to the implementation of the beam-column joint retrofit. For 

example, interference of the friction dampers with the floor 

slab. This is the case where the friction dampers are 

attached to the top and bottom surfaces of the beam-ends 

and attached to the column, whether these friction dampers 

are fan-shaped (Morgen and Kurama 2008) or steel angels 

(Lu et al. 2015). In other cases, the interference is with the 

nonstructural element as the case of using steel angles for 

joint enlargement at the beam-ends (Jalil et al. 2014), large 

thick end-plate (Nzabonimpa et al. 2018), wall-type 

damping system (Chang et al. 2018), carbon fiber 

reinforced polymers (Mazza et al. 2019), or bracing-style 

dampers (Ghamari et al. 2019, Mirzai et al. 2019). Another 

limitation is the availability of replacing the energy-

dissipation device after a major earthquake. For example, 

some studies utilized unbounded mild steel bars in the end 

part of the beam close to the joint (e.g., Priestley et al. 1999 

and Scott et al. 2001) to work as an energy dissipation 

device. The anchorage of these mild steel bars into the 

beam makes them difficult to be replaced if deteriorated or 

damaged after being exposed to a severe earthquake. 

Sometimes, the replacement of the energy-dissipation 

device itself is easy, but its anchorage system is 

complicated as in the case of using external buckling-

restrained fuses as energy dissipaters (Sarti et al. 2013). 

Another important limitation is found in the case where the 

beams are prestressed to provide a self-centering capability 

for the beam-column joint (e.g., Song et al. 2014, Deng et 

al. 2013). It has been observed that loss of prestress occurs 

because of the spalling and/or crushing of concrete at beam-

ends. Even after strengthening the beam-ends with some 

spiral reinforcements to prevent concrete crushing (Priestley 

et al. 1996), still spalling of concrete at the beam corners is 

difficult to prevent. To overcome this limitation and protect 

concrete, some studies (Song et al. 2014, Ruiz et al. 2014, 

Haishen et al. 2018) proposed steel jackets around the 

beam-column joint; however, this solution is limited to new 

construction and is not practically feasible for retrofit of an 

existing joint. Moreover, there might be a local stress 

problem in the concrete behind the steel plates (Brendon et 

al. 2008, Song et al. 2014). Some studies (e,g., Shuangke et 

al. 2018) use engineered cementitious composites (ECC) 

for the beam-column joint; however, the concrete spalling 

and crushing at the beam corners are still the main failure 

modes. 

In many studies, after retrofit of the existing structure, 

higher seismic force may be used for design purposes. From 

the seismic design standpoint, it is reported that increasing 

the seismic design force may worsen the seismic 

performance based on the seismic fragility evaluation of the 

precast structures if the connections are not adequately 

designed (Babic et al. 2016). Limited studies have been 

carried out to investigate the fragility of the retrofitted 

precast RC structures. However, recently the awareness of 

the importance of the seismic fragility of PC buildings has 

increased (e.g., Jian et al. 2015, Babic et al. 2016, Nicola et 

al. 2017). Another important aspect that is commonly 

overlooked in the studies related to the retrofit of the 

existing PC structures is the seismic life cycle cost 

(Noureldin et al. 2018). The importance of seismic LCC 

became obvious after the estimation of losses of recent 

earthquakes. For example, the direct losses of the 2012 

earthquakes in the Emilia Romagna region (Italy) were 

estimated as one billion euros, whereas the indirect losses 

were five billion euros (Magliulo et al. 2014). 

Based on the previous discussion, the main limitations 

of the beam-column joint retrofit are the location of the 

energy-dissipation device as well as the concentration of 

stress at the beam-face and corners. If the damper is located 

without interfering with any structural or non-structural 

elements and the stress concentration is shifted from the 

beam ends toward the beam center (i.e., away from the 

beam-column interface) without adding any steel jackets or 

armors, then most of the limitations will be avoided. The 

retrofit system proposed in the current study avoids most of 

the aforementioned limitations, and comprises steel plates, 

channel and I-shaped steel sections, and removable friction  
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parts that will work as friction damper. In addition, post-

tensioned tendons are used to provide the recentring 

capability of the retrofit system. After that, an evaluation 

based on the damage collapse capacity, fragility function, 

and seismic LCC will be investigated to highlight the 

effectiveness of the proposed retrofit. 

 

 

2. Configuration and analytical modeling of the 
seismic retrofit system  

 

2.1 Configuration and mechanical behavior of the 

retrofit device   

 

Fig. 1 shows the details of the proposed system; a self-

centering slotted friction device (SC-SFD) is attached to a 

 

 

precast beam-column connection. The SC-SFD consists of a 

steel I-section with slotted bolt holes in the web and shop-

welded to two plates. One end plate that holds the post-

tensioned tendon (PT) from the PC-beam side and the 

second plate is field-bolted to the PC-beam. A steel channel-

section is shop-welded to the three plates: two of them have 

slotted bolt holes and the other is field-bolted to the PC 

column. The PT runs along the I-section as shown in the 

figure and provides pre-stress to the I-section against the 

channel and the self-centering capability of the mechanism. 

High-strength bolts are pre-tensioned based on AISC-

360 (2016) and hold the whole assembly together. 

Belleville disc-spring washers can be used to maintain the 

level of the required friction force (Morgen and Kurama 

2004). The friction bolts will travel along the slotted holes 

under the pre-tensioning force creating friction during the 

  
(a) (b) 

 

 
(c) (d) 

  
(e) (f) 

Fig. 1 Configuration of the self-centering slotted friction device (SC-SFD) 
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opening and closing of the gap between the I-section and 

the channel acting as hysteretic dampers. To increase the 

efficiency of the retrofit, the interface between the flanges 

of the channel and the I-section should have full contact 

during the gap closing and opening. This can be achieved 

by making a smooth, rounded edge in the flanges of the 

channel and a grove in the flanges of the I-section that 

accommodates this edge. Otherwise, shim plates can be 

used at the interface between the flanges of the channel and 

the I-section to guarantee full contact. The friction of the 

retrofit can be improved by adding Brass friction plates 

(Wlski et al. 2009) on both sides of the slotted web of the I-

section. This friction plates are located between the plates 

of the channel and the I-section. In this case, the coefficient 

of friction can reach 0.4 (Lin et al. 2013). 

In the retrofit of an existing PC beam-column 

connection, the beams are usually resting on small corbels 

protruding from the PC column where gravity loads are 

transmitted from the beam to the column. If the proposed 

mechanism is used for newly constructed structures, steel 

seat-angles need to be attached to the PC column, which 

transmit the gravity loads and provide convenience for the 

assembly. When ground excitation strikes the building, 

inertia forces are developed in each floor and are transferred 

to the outer beams through the rigid action of the floor slab. 

These inertia forces are transferred to beam plates through 

the beam anchor bolts. The I-section receives these forces 

through the longitudinal welds (Fig. 1(a)) and transfer them 

to the column channel through the friction between the 

channel friction plates and the web of the I-section. This 

friction is developed due to the existence of the high-

strength bolts (friction bolts) that connect the web of the I-

section with the friction plates of the channel. 

During the lateral movement (Fig. 1(d)), a gap opening 

angle is developed between the I-section and the channel, 

where the bottom flanges of both the I-section and the 

channel are bearing against one another forming a pivot for 

the gap. During this movement, the post-tensioned tendons 

elongate and the recentering capability of the retrofit device 

is triggered trying to close the gap. Seismic energy is 

dissipated due to friction developed between the channel 

friction plates and the web of the I-section over the 

overlapped circular area (Fig. 1(a)). 

 

2.2 Application of the retrofit mechanism 
 
The proposed retrofit system can be quickly installed 

and removed if needed for maintenance and will save the 

structure from earthquake-induced damage. In addition, it 

does not interrupt the function of the structure besides the 

low cost and low technology involved. It can be used for 

retrofit of various types of systems such as PC, RC, steel, 

and RCS (Reinforced Concrete columns and Steel beams) 

frames, where the beam-column joint is not designed for 

resisting any moment as in the case of gravity frames. The 

proposed retrofit system is also useful when a plastic hinge 

occurs in a beam of a moment-resisting frame and the 

connection is not capable of transferring moment anymore 

(Richard et al. 2017). Based on this, the SC-SFD can be 

applicable in the following cases: 

1. Existing gravity-load frames designed without 

consideration of seismic provisions (precast concrete frames; 

non-ductile RC; gravity steel frames).  

2. Newly constructed precast beam-column joints to 

enhance its seismic performance. 

3. Retrofit of deteriorated rigid beam-column 

connection after being hit with severe earthquakes, where 

deterioration occurs in the beam (strong column-weak beam 

connection) and the connection loses its function to transfer 

the moment between the beam and column. Structural 

weakening can be used in this case before installing the SC-

SFD (ASCE-41, 2017 and Kam and Pampanin 2010). 

Upgrading of existing moment frames (steel, RC, or 

precast RC). Structural weakening by removal of concrete 

and cutting the longitudinal reinforcement can be followed 

in this case based on ASCE-41 (2017) chapter 10 and 

FEMA-547 (2007) chapter 12 (concrete) or chapter 8 (steel). 

Fig. 2 shows the installation steps for upgrading the RC and 

steel moment frame joints. 

From the architectural standpoint, the proposed device 

can be treated as an additional part to the building façade 

that will be covered with aesthetically suitable material or 

put inside of an external plastic box with matching texture. 

This also will protect the retrofit device from harsh 

environmental conditions. For existing structures with 

deteriorated cracked joints, the device will cover the 

cracked area at the interface of the beam and column. 

 

2.3 Analytical modeling 
 
Figs. 1(e) and 1(d) show the conceptual principle of the 

retrofit mechanism and illustrates the relationship between 

the gap opening angle, the forces in the PT, and the 

developed friction force. When a lateral drift occurs in the 

frame due to seismic inertia forces, a rotation angle, θ, 

develops and a gap opens at the beam-column interface, and 

the PT elongates. The following relationship holds from 

equilibrium 

𝐹𝑐 = 𝐹𝑓 +  𝐹𝑃𝑇 (1) 

where 𝐹𝑐 is the compression force at the interface between 

the I-section and the channel, and 𝐹𝑓 is the friction force of 

the SFD 

 

 

 
(a) RC joint 

 
(b) Steel joint 

Fig. 2 Installation steps of the SC-SFD on rigid RC and 

steel joints 
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𝐹𝑓 =  𝜇 . 𝑁 (2) 

where 𝜇 is the coefficient of friction between the SFD 

parts (≈ 0.4); N is the pre-tensioning force in the high-

strength bolts. 𝐹𝑃𝑇 is the PT tension force, which can be 

calculated as Garlock et al. (2007) 

𝐹𝑃𝑇 =  𝐹𝑖𝑛 + 𝜃 [2 (ℎ𝑖 2⁄ ) . (𝑘𝐼 . 𝑘𝑇 (𝑘𝐼 + 𝑘𝑇)⁄ )] ≤  𝐹𝑃𝑇𝑦 (3) 

where 𝐹𝑖𝑛is the initial PT force; 𝜃 is the relative rotation 

due to the gap opening; ℎ𝑖 is the height of the I-section; 𝑘𝐼  

 

 

is the axial stiffness of the I-section within the SC-SFD 

length; 𝑘𝑇 is the axial stiffness of the tendon within the 

SC-SFD length; and 𝐹𝑃𝑇𝑦 is the PT yield strength. 

It is worth mentioning that 𝐹𝑖𝑛 is the initial PT force 
after stress losses. The initial prestressing jacking force, 𝐹𝑖𝐽, 
should be calculated considering all expected losses, ∆𝐹𝑙𝑜𝑠𝑠, 
(e.g., anchorage set, friction, etc.), such that  𝐹𝑖𝐽= 𝐹𝑖𝑛 +
 ∆𝐹𝑙𝑜𝑠𝑠. This 𝐹𝑖𝐽  should be used for jacking the tendon 
through the retrofit device during the installation process of 
the device. 

The decompression moment due to the initial PT force, 

𝑀𝐷𝑒𝑐., can be calculated as Wolski et al. (2009). 

𝑀𝐷𝑒𝑐. =  𝐹𝑖𝑛 . (ℎ𝑖 2⁄ ) (4) 

The resisting moment of the SC-SFD, 𝑀𝑅𝑒𝑠 , can be 

calculated as 

𝑀𝑅𝑒𝑠 = (𝐹𝑃𝑇 + 𝐹𝑓). (ℎ𝑖 2⁄ ) (5) 

 

 

3. Seismic retrofit of the case study structures 
 

The case studies selected in the current study include a 

five-story building and an industrial single-story RC precast 

frame with a pinned beam-column connection. The latter is 

commonly used in industrial and commercial buildings and 

usually limited to two or three floors (Cihan et al. 2018, 

Biondini et al. 2010 and Andrea et al. 2017). 

 

3.1 Design and modeling of the case studies 
 

Figs. 3(a) and 3(b) show the plan and elevation of the 5-

story analysis model, and Fig. 3(c) shows the single-story  

 

 

RC precast frame (Andrea et al. 2017). ASCE-41 (2017) 

permits using a 2D model for analysis in case of regular 

structures. Based on this, the exterior frame is used for the 

analysis and retrofit. The RC members are designed based 

on ACI-318 (2014) for gravity loads with a dead load of 4.1 

kN/m2 and a live load of 2.5 kN/m2. The nominal yield 

strength of the steel reinforcement bars and the compressive 

strength of the RC members are 413 MPa and 20.7 MPa, 

respectively. For the single-story RC precast concrete frame, 

a self-weight of the roof equal to 2.4 kN/m2 is assumed and 

the nominal material strengths of concrete in compression 

and reinforcing steel are 48 MPa and 450 MPa, respectively. 

Table 1 provides the dimensions and reinforcement of the 

RC precast members. SAP2000 (2019) software is used for 

design and proportion of the structural members. Frame 

elements in SAP2000 are used to model the RC beams and 

columns considering the longitudinal and shear 

reinforcement. The Open System for Earthquake 

Engineering Simulation, OpenSees, is used for conducting 

NLTH analyses. Fig. 4 shows the hysteretic models of the 

SC and the SFD used in the NLTH analysis. The beam-

column connection is modeled as a multi-linear elastic link 

(SC) and multilinear plastic link (SFD) connected in 

parallel as shown in Fig. 5. From the OpenSees element 

library, an elastic beam-column element is used for 

modeling beams and columns. For modeling the plastic 

hinges at the ends of beams and columns, a zero-length 

element with a nonlinear force-deformation relationship is 

defined. The nodal mass technique in OpenSees is used for 

defining the masses of the structural model at the nodes of 

the beam and column elements. For non-linear dynamic 

analysis, the direct integration method is used based on the 

Newmark integration algorithm. The first story columns are 

assumed to be fixed to the ground, and 2% of the critical 

damping is used for dynamic analyses. The damping model 

used is Rayleigh damping, which formulates the damping 

matrix as a linear combination of the mass matrix and 

stiffness matrix with modifications to the stiffness 

proportional damping coefficients. 

 

3.2 Proposed seismic retrofit procedure 
 
A performance-based seismic design procedure 

combined with a genetic algorithm (GA) optimization 
technique is used to obtain the optimum design variables of 
the SC-SFD. The main design variables for the SC-SFD  

Table 1 Reinforcement details of the analysis model structures 

(a) Beams 

  Longitudinal Reinforcement  

Model Dimensions (mm) Top Bottom Transverse 

5-story 205x400 4 D20 4 D20 D8, 2legs@150 mm 

1-story 250x600 4 D16 4 D20 D8, 2legs@200 mm 

(b) Columns 

Model Dimensions (mm) Longitudinal Reinforcement Transverse 

5-story 400x400 8 D16 D8, 2legs@150 mm 

1-story 300x450 8 D16 D8, 2legs@300 mm 
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Fig. 4 Hysteretic responses of the SC and SFD 

 
 

system are the post-tensioning force (𝐹𝑃𝑇), the capacity of 
the SFD (Ff), and the story distribution ratio of the SFD 
capacity. The other design variables are dependent on these 
main design variables.  

The first part of the procedure will provide the post-

tensioning force (𝐹𝑃𝑇)considering the maximum gap 

opening, which is based on the MIDR corresponding to a 

specific limit state (e.g., life safety), and the assumed PT 

characteristics (e.g., yield strain and yield stress). The 

second part of the procedure provides the capacity of the 

SFD (Ff) and its distribution along the height using the 

genetic algorithm (GA) technique. In the GA process, a  

 

Multi-linear elastic  

spring (SC)

Column

Beam

Multi-linear plastic  

spring (SFD)

 
Fig. 5 Analytical modeling of the SC-SFD 

 

 

practical range of Ff is assumed first, then the optimum 

values are derived after a certain number of generations 

considering the MIDR limit as the objective function. The 

GA process is implemented through linking MATLAB 

programming environment and OpenSees software to run 

the optimization iterations. The former generates the 

iteration loop, and the latter conducts NLTH analyses in 

each iteration. Fig. 6 shows the flowchart of the proposed  

 

 
(a) (b) 

 
(c) 

Fig. 3 Case study models: (a) Structural plan of the 5-story model, (b) Elevation of the 5-story building model and (c) 

Elevation of the 1-story industrial frame 
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1. Conduct NLTHA using BSE

2. Parallel computation

3. Objective function is the MIDR 

Practical 

range of 
(Ff) per 

floor 

Basic Safety 

Earthquake 

BSE 

(ASCE41-

17)

Optimum value 

of 

(Ff) per floor

NLTH analyses 

using 11 Eqs 

scaled to the 

target response 

spectrum (TRS)

Obtain the mean 

value of the MIDRs 

(MIDRmean )

MIDRmean < 
MIDRLS

NO

A. Steel design (AISC-360 ):

1. Pre-tension of the high-strength 

bolt (friction bolts) 

2. Anchor bolts 

3. I-section and channel

4. Channel friction plates and I-

section end plate. 

5. Weld size

B. Concrete check (ACI-318):

Bearing of concrete against anchor 

bolts in beam and column

Increase the value of 

(Ff) per floor with the same ratio

Calculate the 

slotted hole size 

based on (q max) 

and multiply 1.5. 

Yes

Start

End

Define (Dlimit) 

based on the 

performance 

objective 

Calculate the 

rotational angle 

during gap 

opening,  (q max)  

Calculate the 

maximum elongation 

of the PT tendon after 

the gap opening, 

(DPTmax)  

Calculate the 

maximum strain of the 

PT tendon after the 

gap opening, (ePTmax)  

Assume PT tendon 

material properties, 

yield stress and strain , 

Young s modulus ( 

ePTy ,dPTy, E)

(ePTmax)<(ePty)

Calculate the 

maximum sress of 

the PT tendon , 

(dPTmax) =E. ePTmax  

(dPTmax)<(dPty)

Assume the 

tendon area 

(APT)  

Yes

FPT  = dPTmax .APT 

No No

Yes

 
Fig. 6 Flowchart of the seismic retrofit design procedure 

 

 

performance-based seismic design procedure. The 

following steps provide the details of the procedure: 

 

1. Define the performance objective based on the 

building’s risk category and the corresponding 

limit state (e.g., life safety level) and the 

corresponding maximum story drift, Dlimit.   

2. The maximum rotational angle, 𝜃𝑚𝑎𝑥 , 
corresponding to the maximum gap opening can be 

calculated as 

𝜃𝑚𝑎𝑥 = tan−1[𝐷𝑙𝑖𝑚𝑖𝑡 𝑠𝑡𝑜𝑟𝑦 ℎ𝑒𝑖𝑔ℎ𝑡]⁄  (6) 

3. Obtain the maximum elongation of the PT tendon 

after the gap opening, ∆𝑃𝑇𝑚𝑎𝑥, from 

∆𝑃𝑇𝑚𝑎𝑥= (ℎ𝑖 2⁄ ). tan 𝜃𝑚𝑎𝑥   (7) 

4. The maximum strain developed in the PT tendon, 

𝜖𝑃𝑇𝑚𝑎𝑥, is calculated as 

𝜖𝑃𝑇𝑚𝑎𝑥 =  (∆𝑃𝑇𝑚𝑎𝑥 𝐿𝑃𝑇)⁄  ≤  𝜖𝑃𝑇𝑦 (8) 

where 𝐿𝑃𝑇  and 𝜖𝑃𝑇𝑦   are the length and the 

yield strain of the PT tendon within the SC-SFD, 

respectively. 

5. Obtain the maximum stress developed in the PT 

tendon, 𝛿𝑃𝑇𝑚𝑎𝑥: 

𝛿𝑃𝑇𝑚𝑎𝑥 = (𝜖𝑃𝑇𝑚𝑎𝑥  . 𝐸𝑃𝑇)  ≤  𝛿𝑃𝑇𝑦 (9) 

where 𝐸𝑃𝑇  and 𝛿𝑃𝑇𝑦  are the Young’s modulus 

and the yield stress of the PT tendon, respectively. 

If (𝛿𝑃𝑇𝑚𝑎𝑥 > 𝛿𝑃𝑇𝑦) or ( 𝜖𝑃𝑇𝑚𝑎𝑥 >  𝜖𝑃𝑇𝑦), steps 

four and five should be repeated with PT tendon 

having higher strength. 

6. Obtain the post-tensioning force, 𝐹𝑃𝑇, as follows 

𝐹𝑃𝑇 =  𝐴𝑃𝑇 . 𝛿𝑃𝑇𝑚𝑎𝑥 (10) 

where 𝐴𝑃𝑇 is the cross-sectional area of the PT 

tendon. 

7. A genetic algorithm (GA) optimization process is 

used based on NLTH analyses of the model 

structure subjected to basic safety earthquake (BSE) 

for an existing building (e.g., 20% probability of 

exceedance in 50 years (ASCE-41, 2017) to obtain 

the optimum SFD capacity (Ff) for each floor. The 

objective function is taken as the MIDR 

corresponding to the pre-defined limit state 

(MIDRLS). A parallel computation scheme is used 

in this step because of the extensive computation 

involved. The input of the GA process is, firstly, 

the practical range for Ff , which is primarily based 

on the number of the friction bolts and the 

available pre-tensioning force to have slip-critical 

contact. The practical range assumed in the current 

study is between 5 to 60 kN. Secondly, an 

earthquake compatible with the target response 

spectrum (TRS) is required to conduct the NLTH 

analyses in each generation. 

8. NLTH analyses are conducted using eleven 

earthquakes compatible with the target response 

spectrum (TRS) using the Ff   obtained from the 

previous step. The mean value of the MIDRs 

(MIDRmean) of these analyses should be less than 

MIDRLS:  

MIDRmean <  MIDRLS  (11) 

Otherwise, step seven should be repeated 

9. The steel elements of the SC-SFD will be designed 

based on AISC-360 (2016) and the bearing on 

concrete will be checked based on ACI-318 (2014). 

 

In the current study, to achieve the basic performance 

objective for an existing building (BPOE) according to 

ASCE-41 (2017), a basic safety earthquake (BSE) is used. 

For the life safety (LS) limit state, the BSE is a seismic 

hazard level with a 20% probability of exceedance in 50 

years for a building with risk category II. It is worth 

mentioning that for the life safety structural performance 

objective (which is the focus of the current study), the 

elements of the SC-SFD should survive the BSE without 

significant structural damage except for the friction bolts. In 

addition, the slot hole size should be larger than the 

maximum travel length of the friction bolts by a margin of 

safety (assumed 50% in the current study) to avoid any 

bearing on the ends of the slotted holes. For the 5-story 

model, the Ff, after 20 generations of the GA, is found to be 

50, 40, 30, 30, and 20 kN, respectively, for the floors from 

bottom to top. For the one-story model, a 60.0 kN capacity 

friction damper is used along with a pre-stressing tendon 

(diameter of 15.2 mm) with a yield strength of 1600MPa. 
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4. Seismic performance evaluation 

 

In this section, the seismic performance of the retrofitted 

models are assessed at both global and local levels. Global 

assessment is achieved through checking residual drift, 

maximum drift, damage collapse capacities, fragility curves, 

and LCC. On the other hand, local assessment is achieved 

through the concentration of stresses at the beam and 

column of the joints at the anchor bolts locations. 

 

4.1 NLTH response analysis  
 

Global acceptance criteria for the retrofitted models are 

checked in the current study based on the performance 

objectives required by ASCE-41 (2017). These performance 

objectives require an engineering demand parameter, such 

as drift, to be maintained within a predefined limit. 

Dynamic analysis is commonly viewed as the most accurate 

analysis tool to assess seismic performance. In this section, 

non-linear time history (NLTH) response analyses are 

conducted to evaluate the seismic performance of the 

retrofitted structures. Two performance objectives are 

investigated based on ASCE-41 (2017) for risk category II 

buildings, which are equivalent of seismic hazard of 20% 

and 10% probability of exceedance in 50 years (shortened 

as 20/50 and 10/50), respectively. The structures are located 

in a stiff soil profile in California (LA-USA) with latitude 

and longitude coordinates of 34.0, and -118.2, respectively. 

Fig. 7 shows the response spectra of 11 earthquake records 

and their arithmetic mean along with the target response 

spectrum for each seismic hazard. The 22 earthquake 

records (Table. 2) are obtained from the PEER NGA 

database (2019). 

 

 
(a) 

 
(b) 

Fig. 7 Response spectra of the 11 earthquakes and the target 

spectrum for seismic hazards with probability of 

exceedance in 50 years of: (a) 20.0 %; (b) 10.0 % 

 

 

Fig. 8 shows the roof displacement time-histories of the 

model structures for selected earthquakes. As can be seen, 

the maximum roof displacements of the retrofitted models 

are significantly less than those of the bare structures. As an 

example, for the San Fernando earthquake, the maximum  

Table 2 List of the earthquake records used in the nonlinear dynamic analyses 

Exceedance 

probability 

Sequence 

Number 
Earthquake Name PGA (g) Magnitude Fault type 

Source 

distance (km) 

Scale 

Factor 

20% 

1  "Imperial Valley-02" 0.39 6.95  strike slip 6.09 1.38 

2  "Kern County" 0.33 7.36  Reverse 81.3 3.66 

3  "Kern County" 0.40 7.36  Reverse 38.42 2.52 

4  "Northern Calif-03" 0.25 6.5  strike slip 26.72 1.54 

5  "Parkfield" 0.83 6.19  strike slip 9.58 1.82 

6  "Parkfield" 0.94 6.19  strike slip 12.9 3.69 

7  "Borrego Mtn" 0.35 6.63  strike slip 45.12 2.58 

8  "San Fernando" 0.39 6.61  Reverse 22.77 1.70 

9  "San Fernando" 0.50 6.61  Reverse 22.23 3.27 

10  "San Fernando" 0.37 6.61  Reverse 24.16 3.28 

11  "Managua_ Nicaragua-02" 0.51 5.2  strike slip 4.33 1.94 

10% 

12  "Imperial Valley-02" 0.59 6.95  strike slip 6.09 2.09 

13  "Kern County" 0.61 7.36  Reverse 38.42 3.82 

14  "Northern Calif-03" 0.38 6.5  strike slip 26.72 2.33 

15  "Parkfield" 1.26 6.19  strike slip 9.58 2.76 

16  "Parkfield" 1.57 6.19  strike slip 15.96 4.34 

17  "Borrego Mtn" 0.52 6.63  strike slip 45.12 3.91 

18  "San Fernando" 0.60 6.61  Reverse 22.77 2.57 

19  "San Fernando" 0.75 6.61  Reverse 22.23 4.96 

20  "San Fernando" 0.57 6.61  Reverse 24.16 4.98 

21  "Managua_ Nicaragua-01" 0.89 6.24  strike slip 3.51 2.38 

22  "Managua_ Nicaragua-02" 0.77 5.2  strike slip 4.33 2.94 
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(a) 5-story, 20% in 50 years 

 
(b) 5-story, 10% in 50 years 

 
(c) 1-story, 20% in 50 years 

 
(d) 1-story, 10% in 50 years 

Fig. 8 Top-floor displacement time history of the bare and 

the retrofitted structures 

 

 

drift is reduced by 70% after the retrofit. Moreover, the 

residual drift is almost eliminated for all of the selected 

earthquakes.  

The design MIDR is set to 1.7% and 2.5%, respectively, 

for the 20/50 and 10/50. The mean MIDR values of the 11 

earthquake records are shown in Fig. 9 for the case-study 

models. For the bare 5-story structure, the MIDR is 2.74% 

and 3.64%, respectively, for the 20/50 and 10/50 

earthquakes; however, the mean MIDR is reduced to 1.65% 

and 2.34%, respectively, in the retrofitted case. In the case 

of the bare single story model, the MIDR is 1.94% and 

3.8%, respectively, for the 20/50 and 10/50 earthquakes. 

The previous values are reduced after retrofit to 1.29% and 

2.19%, respectively. Based on that, the proposed retrofit 

technique and the design procedure are capable of 

maintaining the MIDR within the design limits. 

 

 

(a) 5-story, 20% in 50 years 

 

(b) 5-story, 10% in 50 years 

 

(c) 1-story, 20% in 50 years 

 
(d) 1-story, 10% in 50 years 

Fig. 9 Average MIDR of the bare and the retrofitted mod

els for the earthquakes with 20% and 10% probability of 

exceedance in 50 years 

 

0.0% 0.5% 1.0% 1.5% 2.0% 2.5%

AVG

MIDR, %

Retrofit Bare

0.0% 1.0% 2.0% 3.0% 4.0%

AVG
Retrofit
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(a) 5-story 

 
 

 
(b) 1-story 

Fig. 10 Average top floor acceleration of the bare and the 

retrofitted models 

 

 

For the comparison purpose, a fully rigid connection 

between the beam and column for the 5-story case has been 

investigated using the 22 earthquakes for the MIDR, top 

floor acceleration, and the base shear. Using a fully rigid 

connection increases seismic demand, especially for the 

lower floors. This is reflected in the MIDR (Fig. 9(a)) with  

 
 

 
(a) 5- story model 

 
 

 
(b) 1-story model 

Fig. 11 Average base shear of the bare and the retrofitted 

models 

 

 

a large value on the first floor, which exceeds the limit in 

the 10/50 case. However, in the proposed procedure, the GA 

adjusts the capacity of the SC-SFD in an optimum fashion 

to maintain uniform MIDRs along the stories. As can be 

seen in Fig. 10, using the rigid connection increases the 

average top floor accelerations of the two sets of the  
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Self-centering steel slotted friction device for seismic retrofit of beam-column joints 

 

 
(a) Retrofitted structure 

 
(b) Bare structure 

Fig. 12 Input energy, hysteretic energy, and modal damping 

energy of the 5-story model 

 

 

earthquakes for the two case-study models (approximately 

20% and 30% in the one- and five-story models, 

respectively). However, using the proposed retrofit method 

reduces these values to be 10% and 20%, respectively. 

Similarly, the base shear (Fig. 11) increases by 

approximately 73% and 45%, respectively, for the one- and 

five-story models. On the other hand, the proposed retrofit 

reduces the previous values to approximately 35% and 23%, 

respectively. Fig. 12 shows the input and dissipated energies 

for the Northern Calif-03 earthquake for the 5-story model. 

As can be observed, the proposed retrofit dissipates most of 

the input energy efficiently, whereas in the case of the bare 

frame model, most of the energy is dissipated by inelastic 

deformation of the structural elements. 

 

4.2 Stress concentration in RC elements 
  

In this section, the local effect of the retrofit is assessed 

through finite element method (FEM) on the beam-column 

joint using the software ABAQUS (2011). Only the part of 

the beam and column that is framing into the joint is 

modeled in the FEM analysis using ABAQUS. The main 

expected failure mechanisms around the holes of the anchor 

bolts are the cracking of concrete and excessive stress that 

leads to the compressive crushing of concrete around the 

hole. FEM for PC beam-column joints proved to be a 

reliable alternative to real experiment to predict the 

structural behavior and failure modes of the PC joint 

(Nzabonimpa et al. 2018). An analytical FE model is 

constructed using ABAQUS for investigating the effect of  

 
(a) Stress in concrete members 

   
(b) Stress in reinforcement 

Fig. 13 Stress distribution in the retrofitted RC beam-

column joint (MPa) 

 

 

the device on the RC members. The main effect is 

concentrated on the contact surface between the anchor 

bolts and the concrete. The nonlinear behavior of the 

concrete is modeled using the damaged plasticity model. 

This model takes into consideration the cracking as well as 

the compressive crushing of concrete, which are the main 

expected failure mechanism in our case. A 40.0 mm mesh 

size is used in the FE model using the surface-to-surface 

method between concrete and steel. Finer mesh size is used 

around the anchor bolt and at locations where stress 

concentration is expected to occur to obtain accurate stress 

state. The embedded elements such as reinforcing steel and 

stirrups are modeled inside host elements (i.e., concrete), 

such that no translational degrees of freedom are formed 

between the host and embedded elements. Solid 

homogeneous elements are used for modeling with reduced 

integration and hourglass control. An average strain option 

is used for the kinematic split. Length ratio of 0.1 is used 

for distortion control; and a stiffness-viscous weight factor 

of 0.5 is used. Fig. 13 shows the FE model of the beam and 

column with the holes of the anchor bolts stressed under the 

maximum moment capacity of the SC-SFD. It is found that 

the stresses developed in the reinforcement steel are within 

the allowable range. In addition, the stress developed 

around the hole is less than the compressive strength of the 

concrete. This is primarily attributed to the number of the 

holes distributed evenly in each side, which reduces stress 

concentration. 

 

4.3 Collapse capacity and fragility curves 

 

In this section, the collapse capacities and the seismic  
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(a) Bare 5-story model 

   
(b) Retrofitted 5-story model 

 
(c) Median IDA curves (5-story) 

 
(d) Bare 1-story model 

 
(e) Retrofitted 1-story model 

Fig. 14 IDA curves of the case-study models 

 
(f) Median IDA curves (1-story model) 

Fig. 14 Continued- 

 

fragility of the model structure are investigated through 

constructing incremental dynamic analyses (IDA) curves.  

The earthquake records listed in Table 2 are used to 

construct the IDA curves. Commonly, IDA curves are 

obtained through conducting numerous NLTH analyses 

using the earthquake records scaled to an increasing order 

until the collapse state is reached (Abd-alla 2007). IDA 

curves are shown in Fig. 14 for the two case study models. 

The dots on the IDA curve represent the responses of the 

earthquakes scaled to different intensity levels. The median 

IDA curves are compared, as shown in the figure, for the 

bare and the retrofitted models. It can be observed in Figs. 

14(c) and 14(f) that the median collapse capacity curve is 

significantly improved after the retrofit. For example, at  

1.0% MIDR, the corresponding spectral acceleration is 

increased by 1.1 g and 0.7 g, respectively, for the one- and 

five-story models. 

The fragility curves can be constructed using the IDA 

curves and the following conditional probability lognormal 

cumulative distribution function (Celik and Ellingwood, 

2009) 

𝑃[𝐶 < 𝐷 @ 𝑆𝐼 = 𝑥] = 1 − Φ ⌊
ln (�̂� �̂�)⁄

𝛽𝑇𝑂𝑇

⌋ (12) 

where C is the structural capacity; D is the earthquake 

demand; SI is the seismic intensity hazard; [.] is the 

standard normal probability integral; �̂�  is the median 

structural capacity for a specific limit state; �̂�  is the 

median earthquake demand; 𝛽𝑇𝑂𝑇  is the total system 

collapse uncertainty, which is taken as 0.6 based on the 

FEMA-P695 (2009) recommendation. The median 

earthquake demands are obtained from the IDA curves for 

each spectral acceleration, and the median structural 

capacity (limit state) is assumed based on the designer 

preference. The fragility curves of the bare and retrofitted 

models are shown in Fig. 15 for three different limit states 

(IO, LS, and CP). For the spectral accelerations (Sa) in the 

range of 0.5 g or less, the seismic fragility has been 

decreased significantly after the retrofit for the two case-

study models. At Sa =1.0 g, in the case of the 5-story model, 

the decrease in the seismic fragility after the retrofit is 30%, 

55%, and 73%, respectively, for the IO, LS, and CP limit 

states. In the case of the single story model, these values are 

22%, 8%, and 4%, respectively. For Sa larger than 1.0 g, the 

percentage of improvement decreases in the 5-story model, 

whereas it increases in the single story model. 
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(a) 5-story model 

   
(b) 1-story model 

Fig. 15 Fragility curves of the case-study models 

 

 

4.4 Seismic life cycle cost evaluation 
 

In this section, an approximate seismic life cycle cost 

(LCC) is calculated for the 5-story building to investigate 

the effect of the retrofit from the economical perspective. 

The seismic LCC primarily depends on the calculation of 

the damage state probability, which can be obtained through 

the fragility curves. Wen and Kang (2001) suggested that 

the expected LCC of a structure can be calculated as 

𝐸[𝐶𝐿𝑐] =  𝐶𝑜 + ∫ 𝐸[𝐶𝑆𝐷]
𝐿

0

(
1

1 + 𝜆
)

𝑡

𝑑𝑡

=  𝐶𝑜 + 𝛼 𝐿 𝐸[𝐶𝑆𝐷] 
(13) 

where Co is the initial construction cost, L is the service life 

of the structure (assumed 40 years), λ is the annual discount 

rate which is assumed to be 0.03 (Eldin 2014)], and E[CSD] 

is the annual expected seismic damage cost. α and E [CSD] 

can be formulated as 

  𝛼 = 1 − 𝑒𝑥𝑝(−𝑞𝐿)/𝑞𝐿 (14) 

𝑞 =  𝑙𝑛(1 +  ) (15) 

[𝐶𝑆𝐷] = ∑ 𝐶𝑖

𝑁

𝑖=1

𝑃𝑖 (16) 

where N is the total number of limit-states considered, Piis 

the total probability that the structure is in the ith damage 

state throughout its lifetime, and Ci is the corresponding 

cost (which includes the cost of damage and its repair). 

Three structural damage states are used (i.e., N is equal to 

three) such as IO, LS, and CP and related to three different 

hazard levels, which have a probability of exceedance in 50 

years equal to 50%, 10%, and 2%, respectively ASCE-41 

(2017) and Gencturk (2013). Ci can be assumed to be 30, 70, 

and 100%, respectively, of the initial cost of the structure 

considering previous studies (Gencturk and Elnashai 2012, 

Fragiadakis et al. 2006, Noureldin and Kim 2020). Pi is 

given by 

 𝑃𝑖 = 𝑃(∆𝐷 >  ∆𝐶,𝑖  ) − 𝑃(∆𝐷 >  ∆𝐶,𝑖+1 )   (17) 

where ΔD is the earthquake demand and ΔC,i is the structural 

capacity, usually represented in terms of drift ratio defining 

the ith damage state. The probability of demand being 

greater than the capacity ∆𝐷> ∆𝐶,𝑖  (the limit state 

probability, 𝑃𝐿𝑠) can be obtained by Cornell et al. (2002): 

   𝑃𝐿𝑠 =  𝐻(𝑆𝑎
ĉ)𝑒𝑥𝑝 [

1

2

𝑘2

𝑏2
 (𝛽𝐷𝑠𝑎

2 + 𝛽𝐶
2)] (18) 

where 𝑆𝑎
𝑐̂  is the capacity spectral acceleration 

corresponding to the 50% probability of exceedance from 

the fragility curve, and 𝐻(𝑆𝑎
ĉ) is the annual probability of 

exceedance at intensity Sa obtained from the hazard curve 

of the site Fig. 16; k  is the linear regression coefficient of 

the of hazard curve; b is the linear regression coefficient of 

the median drift demand curve (obtained from the IDA); 

βD|s is the dispersion measure of the drift demand at a given 

Sa (obtained from the IDA);  βc is the dispersion measure 

for drift capacity C (standard deviation of natural logarithm) 

assumed to be 0.3 considering previous studies Cornell et al. 

(2002).  

 

 

 
Fig. 16 Hazard curves of the building site with coordinates 

of (34.0, and -118.2) 
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The initial cost of the building, Co, is estimated based on 

the International Construction Market Survey ICMS (2019) 
for residential apartments (low-rise medium standard) in 
California (e.g., San Francisco) in the United States. The 
constructional cost is estimated at $2800/m2; for the five-
story case study building in the current study, the total 
initial cost (excluding the retrofit) is $3.024 million. The 
estimated initial and repair costs of the SC-SFD 
components are shown in Table 3. In the case of the 5-story 
building, the SC-SFD will be attached to the outer frames in 
the short direction as shown in Fig. 3(a) Eight SC-SFDs are 
required for each floor; i.e., forty items are required for the 
whole building. The total retrofit cost, the LS damage cost, 
and the CP damage cost are $31,440, $7,800, and $15,000, 
respectively. 

In order to simplify the repairing process of the 
proposed retrofit mechanism, the damages are assumed to 
occur in the friction bolts and the PT tendons. These items 
can be replaced with new items easily without highly 
skilled laborers. At the IO limit state, the retrofit mechanism 
will remain intact. For the LS limit state, the friction bolts 
are expected to fail in shear. For the CP limit state, the PT 
tendons are expected to reach the state just before the yield 
(or onset of yielding) and the friction bolts fail in shear. 

Fig. 17 shows the comparison between the bare and the 

retrofitted 5-story model in terms of the limit state 

probability of exceedance, the additional cost over the 

initial cost, and the total seismic LCC. It can be observed 

that the proposed retrofit reduces the limit state probabilities 

of exceedance from 11.5%, 5.0%, and 2.6%, for IO, LS, and 

CP limit states, respectively, to less than 2.0%. The 

additional damage cost is reduced from $4.4 million to 

$0.761 million after the retrofit. The total seismic LCC is 

reduced from $7.5 million to $3.8 million. This means that 

the proposed retrofit is effective in reducing the seismic 

LCC of the buildings similar to the 5-story model 

investigated in the current study. 

 

 

4.5 Comparison with other retrofit technique 

 

To show the effectiveness of the proposed retrofit 

scheme, a comparison is made with similar retrofit 

technique proposed by Shafaei et al. (2014). In the 

reference retrofit scheme, steel angles are mounted on the 

beam-column joint using prestressed cross-ties to achieve a 

two-dimensional enlargement of the joint. The stiffened 

steel angles are used at the re-entrant corners of the beam-

column joint, both above and below the beam, and are held 

using high tensile strength bars. The comparison of the 

proposed retrofit system and the reference study leads to the 

following observation. A recentering capability is provided 

in the proposed technique, while it is not in the reference 

method. This means that the proposed retrofit system has 

the potential to eliminate the residual drift. The reference 

retrofit increases the shear demand on the joint, whereas the 

proposed retrofit technique, designed based on GA 

algorithm and capacity design, maintains the drift and 

seismic demands within the acceptable limits. In addition, 

the proposed retrofit method is suitable for both RC and 

steel joints, whereas the reference retrofit is suitable only 

for a special type of RC joints. Another important aspect 

that has been investigated thoroughly in the current study is 

the seismic fragility and life cycle cost evaluation of the 

retrofitted structures. Based on the comparative study with 

other technique proposed before, the proposed system may 

have advantage both in functional and economic 

perspectives. 

 

 

5. Conclusions 
 

A self-centering slotted friction device (SC-SFD) for 

seismic retrofit of a beam-to-column joint was proposed and 

its effectiveness was investigated through nonlinear  

Table 3 Estimated initial and repair costs of the SC-SFD components 

Item 

Initial cost 
Damage cost 

Material & 

manufacturin

g cost ($) 

Labor cost for 

installation ($) 

IO (MIDR<2.0%) 

All components 

are intact 

LS repair cost 

(2.0%<MIDR<4.0%) 

Shear failure of 

friction bolts 

CP repair cost 

(4.0%<MIDR) 

Shear failure of 

friction bolts and yield 

of the PT tendon 

Repair 

time 
cost 

Repair time 

(hr) 
Cost ($) 

Repair 

time (hr) 
Cost ($) 

Structural steel elements (I-

section, channel, plates) (0.5 

ton) 

306 a 130d - - - - - 

Bolts (4 friction & 12 anchors) 100 c 70e - 1.5 195b 1.5 195b 

PT tendon (1.0 m) 50 c 130d - - - 2.0 180 c 

Sub total 456 330 - - 195  375 

Total/one beam-column joint 786 - 195 375 

a: $611 per metric ton of structural steel elements, Steel Benchmarker (2019), USA. 
b: skilled labor hourly rate ICMS (2019), USA, SF 

c: based on local vendors/companies’ experiences. 

d: hourly rate for skilled labor ICMS (2019), USA, SF 
e: hourly rate for general labor ICMS (2019), USA, SF 
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(a) Limit state probability of exceedance 

 
(b) Additional cost ($) over the initial cost 

 
(c) Total seismic LCC ($) 

Fig. 17 Limit state probability of exceedance and seismic 

LCC of the 5-story model structure 

 

 

dynamic analyses, seismic fragility analysis, finite element 

analysis, and life cycle cost evaluation. A 5-story building 

and single story industrial structure were used as case 

studies for its application. A performance-based seismic 

design procedure was proposed utilizing a genetic algorithm 

technique. The analysis results of the current study can be 

summarized as follows: 

 After the seismic retrofit of the case study structures, 

the maximum drift was reduced by 70% and the 

residual drift was almost eliminated for all of the 

selected earthquakes. 

 The acceleration and base shear of the retrofitted 

structures were considerably reduced compared to the 

rigid joint case (approximately 50% reduction). 

 The proposed retrofit was effective in dissipating more 

than 70% of the total input earthquake energy in the 

case of the 5-story model. 

 The median collapse capacity was significantly 

improved after the retrofit. For example, at 1.0% MIDR, 

the corresponding spectral acceleration was increased 

by 1.1 g and 0.7 g, respectively, in the one- and five-

story models. 

 The seismic fragilities of the retrofitted models showed 

much lower values compared to the bare models. In the 

5-story model, at Sa =1.0 g, the reduction in the seismic 

fragility after the retrofit was 30%, 55%, and 73%, 

respectively, for the IO, LS, and CP performance levels. 

In the case of the single story model, these values were 

22%, 8%, and 4%, respectively. 

 In the 5-story model, the proposed retrofit lowered the 

limit state probabilities of exceedance from 11.5%, 

5.0%, and 2.6%, for the IO, LS, and CP levels, 

respectively, to less than 2.0% for all limit states. 

 In the 5-story model, the additional damage cost was 

reduced from $4.4 million to $0.761 million after the 

retrofit, and the total seismic LCC was reduced from 

$7.5 million to $3.8 million. 

Based on the above observation, the following conclusio

n could be made regarding the advantage of the proposed r

etrofit system: 

 The acceleration and base shear as well as the lateral 

drifts were reduced significantly after the seismic 

retrofit compared to the structures with rigid 

connections, which verifies the advantage of the 

proposed retrofit scheme compared to the conventional 

techniques of making connections rigid without energy 

dissipation. 

 The retrofit scheme with both energy dissipation and 

self-centering capability improves the collapse capacity 

of the retrofitted models significantly. This leads to a 

significant reduction in seismic fragility and increase in 

seismic safety of all models.  
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