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frames equipped with friction dampers and disc springs 
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A B S T R A C T   

In this study, concentric braced frame installed with a friction damper-disc-springs is proposed to enhance the 
seismic performance of RC framed structures. The structural configuration of the retrofit is outlined and the 
analytical model is explained. A performance-based seismic retrofit procedure combined with a genetic algo-
rithm (GA) optimization is proposed to obtain the optimum design variables of the retrofit. 2D and 3D structural 
models are used as case studies. The effectiveness of the proposed retrofit is assessed through non-linear time- 
history response analysis (NLTHA), fragility analysis, and seismic life cycle cost (LCC) estimation. To ensure that 
concrete stresses after retrofit are within acceptable limits, finite element method is used. The results show that 
the proposed retrofit technique is effective in reducing the maximum inter-story drift ratio and in eliminating the 
residual drift of the model structures significantly. In addition, the probabilities of exceeding different limit states 
and the total seismic LCC are significantly reduced compared to the un-retrofitted cases.   

1. Introduction 

In recent earthquakes, such as the 2017 Puebla earthquake (Mexico, 
Mw = 7.1), many buildings experienced severe damage [1]. Such 
earthquakes necessitate the quick and urgent retrofit of existing struc-
tures to satisfy the need of the society for resilient cities in seismic zones. 
In seismic-prone areas worldwide, many structures are lacking proper 
seismic details since they have been designed without proper seismic 
provisions or before the implementation of seismic codes and guidelines 
[2]. Demolition of damaged buildings is considered a costly option 
economically and environmentally [3]. This makes retrofit of existing 
structures a widely accepted solution [4]. 

Seismic retrofit of existing structures using energy dissipating devices 
with a self-centering mechanism proved to be effective in creating more 
resilient and sustainable structures [5]. External retrofit is often preferred 
because it does not interrupt the function of the structure. For example, 
Takeuchi et al. [6] introduced the concept of “Integrated Façade” to 
improve the seismic performance of buildings using seismic energy 
dissipation devices attached from outside of the building. Chunyang et al. 
[7] tested a new retrofit method through the attachment of an external 
structure consisting of a fiber concrete-encased steel frame, where 
connection slab and transverse beams are used for the connection. Sol-
tanzadeh et al. [8] employed an external post-tensioning technique to 

enhance the seismic performance of infilled RC frames. Gioiella et al. [9] 
investigated the effectiveness of dissipative towers for seismic retrofit of 
building frames where the rocking motion of a steel braced frame hinged 
at the foundation level is used for activating viscous dampers. Kurosawa 
et al. [10] conducted cyclic loading tests to investigate the retrofit of 
existing RC frames using external PC frames with mild press joints. Hu 
et al. [11] used various retrofit strategies and conducted an experimental 
study on the seismic performance of rehabilitated single-span RC frames. 
Vahedi et al. [12] investigated the adequacy of steel-braced frames for 
retrofit nonductile soft-first-story RC buildings. Veismoradi et al. [13] 
proposed a toggle-bracing system equipped with self-centering damage- 
free resilient slip friction joints for retrofit of RC-frames. Formisano et al. 
[14] retrofitted RC buildings with external bracing systems and assessed 
the performance using non-linear static analyses. Recently, Noureldin 
et al. [15,16] proposed external PC frames for retrofit of existing RC 
structures. Cao et al. [17] used a self-centering precast bolt-connected 
steel-plate reinforced concrete buckling-restrained brace frame to 
retrofit RC frame buildings. 

The recentering capability is an important part of maintaining the 
resilience of the structure and reducing or eliminating the residual drifts. 
Three different recentering mechanisms can be found in the literature [5] 
which are rocking recentering, beam-column gap connections, and self- 
centering braces. Recently, these systems are improved by additional 
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elements to enhance their performance. For example, rocking systems are 
improved by using viscous dampers [18], buckling restrained columns 
[19], or zipper columns [20]. Post-tensioned self-centering connections 
are improved by adding SMA (shape memory alloy) angles or endplates 
with SMA bolts [21] or by enlarging the precast beam-ends [22]. The 
performance of self-centering braces is enhanced by using a resilient slip- 
friction joint [23] or by adding a super-elastic shape memory alloy [24]. 

In the last few years, disc springs are attracting the researcher’s 
attention because of their effective recentering capability and their 
simple implementation in different structures. For example, Xu et al. 
[25,26] investigated the cyclic behavior and failure mechanism of self- 
centering energy dissipation braces with pre-pressed combination disc 
springs. The results showed that the disc springs provide excellent self- 
centering behavior. Recently, disc springs are implemented in the 
retrofit of different structures such as RC double-column bridge pier 
[27], steel frames [28], and RC frame structures [29]. 

Since self-centering elements do not provide sufficient energy dissi-
pation, an energy-dissipating element is incorporated into self-centering 
systems. Generally, energy dissipating elements can be broadly catego-
rized as hysteretic damping elements, viscous or viscoelastic damping 
elements, and frictional damping elements [5]. Recent examples of en-
ergy dissipating elements used with self-centering systems are the 
hybrid super-elastic viscous damper that combines shape memory alloy 
cables and a viscoelastic damper [30]. Naeem and Kim [31] evaluated 
the effectiveness of the viscous damping devices in self-centering 
prestress cable systems. In comparison with active and semi-active en-
ergy dissipating devices, passive devices are having more reliability, 
stability, and simplicity in implementation [32]. Furthermore, in the last 

few years, hysteretic friction dampers are gaining more attention 
because of their effectiveness in dissipating the energy and their prac-
tical applicability for any structure, in addition to the simplicity of 
assessing their design parameters and their low maintenance cost. 

Despite the extensive research studies conducted on seismic retrofit 
using self-centering with energy dissipating devices, some drawbacks 
need to be addressed. These drawbacks can be broadly categorized as 
‘practical and implementation’ and ‘design and assessment’. For 
example, added steel braces may suffer from high strength degradation 
during severe ground excitation [33]. Many previous studies used rigid 
connections such as beam and slab (e.g., [10]), steel braces and plates (e. 
g., [34]), or plates (e.g., [35]) to connect them to existing structures, 
which makes it practically difficult to implement. Other retrofit schemes 
may interrupt the building functionality during retrofit by adding sub-
structures such as steel frames (e.g., [12]). Moreover, the high-stress 
concentration regions, especially at the connection parts between the 
external structure and the existing one such as rigid steel pipes and 
plates (e.g., [35]) make these parts more vulnerable. Other retrofit 
schemes require a large area around the existing structure to be erected 
such as steel towers (e.g. [34]) or shear walls [36]. One of the main 
shortcomings of retrofit using external elements is the increase of the 
seismic demands on some elements of the existing structure such as 
columns [37]. Many of the retrofit schemes are lacking the easy- 
maintenance and quick replacement of the retrofit parts because they 
become part of the structure itself such as cable braces (e.g. [29]) or steel 
braces equipped with hysteretic dissipative devices (e.g., [38]). One of 
the major drawbacks of the recentering systems utilizing post-tensioned 
tendons is the durability problems especially for unbonded external 

Fig. 1. Configuration of the FDC connection with the RC frame; (a) Attachment scheme for retrofit system; (b) Connection details of the FD-DS system.  
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strands [39]. Besides, it requires complicated tensioning equipment and 
anchoring devices that need skilled laborers. Gap opening between 
beam-to-column connections in recentering pre-cast frames [40] and at 
the base of rocking systems (e.g., [41]) is considered a detailing chal-
lenge [5]. Buckling restrained braces (BRB) and spring friction-toggle 

bracing configurations are relatively expensive and complicated [13]. 
SMAs have limited energy dissipation capacity when compared to other 
displacement-dependent dampers [32]. From the design and assessment 
perspective, few studies investigated the damage collapse capacity and 
fragility probability of the upgraded structure with self-centering and 

Fig. 1. (continued). 
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Fig. 2. Analytical modeling and force-deformation relationships of the friction mechanism and the disc springs.  

Fig. 3. Flowchart of the proposed performance-based seismic retrofit procedure.  
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energy dissipating devices (e.g., [43–45]). Also, studies on the effec-
tiveness of the retrofit system from the LCC perspective [46–48] are 
quite rare. 

In the current study, disc springs are used to provide a self-centering 
capability while avoiding the drawbacks of the conventional post- 
tensioned tendons. Friction dampers are utilized to dissipate the en-
ergy effectively with minimum additional cost for fabrication and 
maintenance. A braced frame is used to provide high stiffness to control 
the lateral inter-story drift within the acceptable limits for the gravity 
loading system, which is designed to remain elastic for design earth-
quakes. A performance-based design procedure utilizing multi seismic 
hazard levels is used for achieving a prescribed performance objective. A 
genetic algorithm is integrated into the design procedure to obtain the 
optimum design parameters of the friction dampers and the disc springs 
for the proposed retrofit mechanism. After that, the effectiveness of the 
proposed retrofit scheme is evaluated based on collapse capacity, 
seismic fragility, limit-state probability of exceedance, and total seismic 
LCC. 

2. Proposed seismic retrofit system 

2.1. Configuration of the retrofit mechanism 
Fig. 1 shows the detailed configuration of the proposed retrofit sys-

tem. An external steel concentric braced frame (CBF) with friction- 
damper mechanism (FD) and disc-springs system (DS) is attached to 

Fig. 4. Case study models: (a) Plan of shear wall building; (b) Plan of gravity frame building; (c) Elevation of 3 and 5-story frame models.  

Table 1 
Details of the analysis model structures and CBF.  

RC models 
(a) Beams   

Longitudinal Reinforcement  

Model Dimensions 
(mm) 

Top Bottom Transverse 

All 
models 

250x400 4 D20 4 D20 D8, 
2legs@150 mm  

(b) Columns 
Model Dimensions 

(mm) 
Longitudinal 
Reinforcement 

Transverse 

All 
models 

400 × 400 8 D16 D8, 2legs@150 mm  

CBF  

Model Sections 

Braces 1-5-story Round HSS 6.625 × 0.500 
Beams 1-5-story W14 × 211 
Columns 1-3-story (3- 

and 5-st) 
4-5-story(5-st) 

W14 × 233 
W14 × 211  
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the outside of an existing RC structure. This retrofit scheme does not 
affect the building functionality during the retrofit work. In general, 
adding an external braced frame for retrofit is an effective retrofit 
alternative and requires less cost and effort compared to other alterna-
tives such as shear walls [14,49]. The connections between the CBF and 
the existing RC structure are maintained at the floor levels. A steel I- 
section and friction pad is placed between the beams of the CBF and the 
external RC beams of the structure. A steel plate welded to the top and 
bottom flanges of the steel beam is held against the friction pad using 
two pre-tensioned anchor rods. High-strength anchor rods are pre- 

tensioned based on AISC-360 [50] and will hold the whole assembly 
(steel plate, friction pad, and steel I-section) together. This assembly will 
act as a hysteretic friction damper. The friction of this assembly can be 
improved by adding a brass friction plate [51] instead of the friction 
pad. In this case, the coefficient of friction can reach 0.4 [52]. The 
drilling holes in the RC beams can be prepared before attaching the 
assembly. 

When the inertia forces develop in the RC structure under the 
seismic excitation, the steel I-section and the anchor rods will move 
relative to the steel plate if the friction capacity of assembly is 

Fig. 5. Response spectra of the 11 earthquakes and the target spectrum for seismic hazards with probability of exceedance in 50 year of: (a) 10%; (b) 2%.  
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exceeded. When this relative movement takes place, the two groups of 
the pre-pressed disc-springs shown in the figure will develop the 
recentering capability of the retrofit. End plates are used to connect the 
disc-springs to the steel I-section and the blocking plates. The blocking 
plates are connected to the steel beam using shop-welded tube sections 
as shown. It is noteworthy that the nut and washer of the high-strength 
anchor rod can be controlled from the inner side of the steel beam as 
shown in the figure, whereas the anchor rod can be controlled for 
maintenance or replacement from the outside of the steel beam using 
maintenance opening in the steel beam web shown in the figure. It is 
worth mentioning that beams in the CBF are less stressed than the 
braces and columns. This means that any modification in the cross- 
section such as web holes or flange welds will not affect the global 
performance of the CBF. For convenience, the drilled holes in the RC 
beam can be prepared before installing the assembly. 

2.2. Analytical modeling 
Fig. 2 shows the simplified analytical model of the CBF connection 

with the RC frame building and the force-deformation relations for the 
FD and the DS. As can be seen, the friction mechanism and the disc 
springs are arranged in parallel. Therefore, the combined hysteresis 
response is obtained by superimposing the hysteresis responses of the 
two systems together to produce the flag-shaped load-deformation 
behavior. The FD is responsible for dissipating the energy, whereas the 
DS will provide the recentering capability without energy dissipating 
capability [27]. 

The main design parameter of the FD is the friction force capacity, 
Ffy, which can be obtained as follows: 

Ffy = μN (1)  

where μ is the coefficient of friction between the FD parts; N is the pre- 
tensioning force imposed by the high-strength anchor rods. The post- 
yield stiffness ratio is assumed to be zero. The initial stiffness of the 
DS, Ks1, can be obtained as follows: 

Ks1 =
Fsy

Δsy
(2) 

where Fsy and Δsy are the pre-compressive force and the yield 
displacement of the DS. To achieve the best-recentering capability of the 

system, it is found that the ratio of the yield friction force, Ffy, and the pre- 
compressive force,Fsy, should be maintained larger than one considering 
previous studies [53]; i.e., 

Fsy

Ffy
> 1.0 (3) 

Δsy is commonly taken a very small value (≈ 6.0 mm) [27] since the 
DSs are attached to components with large stiffness such as the blocking 
plates and the endplates. Δsu is the maximum recoverable deformation of 
the self-centering capability of the DS system. The value of Δsushould 
equal the design limit state (LS or CP) deformation required by the 
designer. The post-yield stiffness ratio of the DS is reasonably assumed 
0.06 considering previous studies [27,53]. 

2.3. Proposed seismic retrofit procedure 
The proposed retrofit design procedure is related to three main parts, 

which are the CBF, the connection (i.e. the FD and the DS), and the RC 
structure. The CBF is designed to have sufficient strength to remain 
elastic and stiff during the ground excitation to maintain the maximum 
inter-story drift ratio (MDIR) of the retrofitted structure within required 
limit states. The RC structure is also checked for safety. The connection 
between the CBF and the RC structure is designed to act as a fuse that is 
triggered when the story shear exceeds the yield capacity of the FD. In 
this case, the FD is responsible for dissipating the seismic energy, 
whereas the DS provides the recentering capability of the system and 
controls the residual drift. 

A performance-based seismic design procedure combined with a 
genetic algorithm (GA) optimization technique is used to obtain the 
optimum design variables of the system. The main design variables are 
the disc spring’s pre-compressive force (Fsy), the friction force capacity 
(Ffy), and the story-wise distribution ratio of the Ffy and Fsy. The other 
design variables are dependent on these main variables. Fig. 3 shows the 
flowchart of the proposed performance-based seismic retrofit procedure. 
The following steps provide the details of the procedure: 

1. Define the performance objective based on the building’s risk cate-
gory, the seismic hazard, and the target structural performance level 
(e.g., life safety), and the corresponding maximum story-drift, Dlimit. 

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

Probability of exceedance in 50 years Sequence Number Earthquake Name PGA (g) Magnitude Fault type Source distance (km) Scale Factor 

10% 1 “Imperial Valley-02′′ 0.282 6.95 strike slip 6.09 2.09 
2 “Kern County” 0.160 7.36 Reverse 38.42 3.82 
3 “Northern Calif-03′′ 0.163 6.5 strike slip 26.72 2.33 
4 “Parkfield” 0.457 6.19 strike slip 9.58 2.76 
5 “Parkfield” 0.362 6.19 strike slip 15.96 4.34 
6 “Borrego Mtn” 0.133 6.63 strike slip 45.12 3.91 
7 “San Fernando” 0.233 6.61 Reverse 22.77 2.57 
8 “San Fernando” 0.151 6.61 Reverse 22.23 4.96 
9 “San Fernando” 0.114 6.61 Reverse 24.16 4.98 
10 “Managua_ Nicaragua-01′′ 0.374 6.24 strike slip 3.51 2.38 
11 “Managua_ Nicaragua-02′′ 0.262 5.2 strike slip 4.33 2.94      

2% 

12 “Imperial Valley-02′′ 0.281 6.95 strike slip 6.09 3.5903 
13 “Kern County” 0.159 7.36 Reverse 38.42 6.5615 
14 “Northern Calif-03′′ 0.163 6.5 strike slip 26.72 4.0082 
15 “Parkfield” 0.444 6.19 strike slip 9.58 4.7448 
16 “Borrego Mtn” 0.133 6.63 strike slip 45.12 6.7084 
17 “San Fernando” 0.225 6.61 Reverse 22.77 4.4173 
18 “San Fernando” 0.152 6.61 Reverse 22.23 8.5081 
19 “San Fernando” 1.220 6.61 Reverse 0 1.2998 
20 “San Fernando” 0.112 6.61 Reverse 24.16 8.5419 
21 “Managua_ Nicaragua-01′′ 0.372 6.24 strike slip 3.51 4.0902 
22 “Managua_ Nicaragua-02′′ 0.263 5.2 strike slip 4.33 5.0514  
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2. Two CBFs are placed in the RC structure in the direction that lags 
resistance to earthquake load and needs retrofit. The CBF is designed 
using load combination including over-strength factor (Ω) with half 
the effective seismic weight per floor. The MDIR of the CBF frame, 
Dfrmax, should be less than Dlimit, i.e., 

Dfrmax < Dlimit (4)    

3. Assume the ratio between the friction force capacity, Ffy, and the pre- 
compressive force,Fsy, 

Fsy = 1.1Ffy (5) 

For the DS, Δsu = Dlimit ; Δsy and αs is assumed based on previous 
experimental studies [27,53] For the FD, the slotted hole length = (Dli-

mit) × 2.5.  

4. A genetic algorithm (GA) optimization process is applied using NLTH 
analyses of the model structure subjected to basic safety earthquakes 
(BSE) (e.g., 10% probability of exceedance in 50 years, for short 
10%/50) to obtain the optimum Ffy and Fsyfor each floor. The 
objective function is taken as the maximum inter-story drift ratio 
(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 Ffy, which is primarily based on the 
number of the friction anchor rods and the available pre-tensioning 
force to have slip-critical contact. The practical range assumed in 
the current study is between 5 and 60 kN. Secondly, an earthquake 
compatible with the BSE is required to conduct the NLTH analyses in 
each generation.  

5. NLTH analyses is conducted using eleven earthquakes compatible 
with the target response spectra (10%/50 and 2%/50) using the (Ffy) 

Fig. 6. Top-story displacement time history of the 2D bare and the retrofitted structures.  
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and (Fsy) obtained from the previous step. The mean value of the 
MIDRs (MIDRmean) of these analyses should be less than Dlimit, 

MIDRmean < Dlimit (6) 

Otherwise, the values of the (Ffy) and (Fsy) per floor should be 
increased with the same ratio to satisfy the above equation.  

6. The steel components of the FD and DS are designed based on AISC- 
360 [50] and the bearing on concrete is checked based on ACI-318 
[54]. Capacity design is used for all steel components. Anchor rods 
are designed to resist the maximum shear force developed between 
CBF and RC frame. The steel I section should resist both the normal 
force required for tightening all components together and the hori-
zontal force that will develop after the relative movement between 
the CBF and the RC frame. Weld sizes and lengths should be designed 
to withstand the horizontal forces developed on the blocking plates 

and the steel tubes during the relative movement of the frames. The 
DS and FD are shop-fabricated based on their capacities obtained in 
the previous step. The bearing on the concrete around the anchor rod 
should be maintained to be less than the minimum bearing capacity 
of concrete. 

3. Case study model and ground motions 

The case study structures selected in the current study include 2D 
(three and five stories) and 3D (three stories) models to check the 
effectiveness of the retrofit scheme. Fig. 4 shows the configuration of the 
case study models. The building with core shear-wall (Fig. 4(a)) needs 
retrofit in the y-direction. The exterior frames are retrofitted by adding 
the CBF connected with the FD-DS. 2D analysis of one of the exterior 
frames with three and five floors is carried out. Similarly, the three-story 
framed building (Fig. 4(b)) is retrofitted in the y-direction by adding the 

Fig. 6. (continued). 
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CBF and the FD-DS connection. A 3D analysis of the whole building is 
conducted in this case. 

The structural members are designed considering gravity loads only 
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. 
The structural steel of the CBF has a nominal yield strength of 345 MPa. 
Table 1 provides the details of the case study models and the CBF. ASCE- 
41 [42] is used to define the plastic hinges at the ends of the beams and 
columns to account for the material nonlinearity required for nonlinear 
time-history response (NLTH) analysis. Viscous damping of 2% of the 
critical is conservatively assumed for the modal and dynamic analyses. 
The backbone of the hysteretic curves of the FD and the DS used in the 
NLTH analysis are shown in Fig. 2. The DS is modeled as a bi-linear 
elastic link and is connected in parallel with FD, which is modeled as 
a multilinear plastic link as shown in the same figure. The GA optimi-
zation in the design procedure is implemented through OpenSEES [55] 
software and Matlab code [56]. 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 method. 
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 modeled according to the 
modified Ibarra-Krawinkler deterioration model [57]. This model pro-
vides a bilinear hysteretic response of the material, which has been 
calibrated for more than 350 experimental data of steel beam-to-column 
connections. Multivariate regression formulas are provided to estimate 
the deterioration parameters of the model for different connection types. 
In this model, the ratio of the capping moment to yield moment is 1.05. 

The plastic, post-capping, and ultimate rotation capacities are 0.025, 
0.3, and 0.4, respectively. The residual strength ratio for positive and 
negative loading direction is taken to be 0.4. It is worth mentioning that 
the bilinear model has limitations in predicting realistic behavior 
including the structural deterioration that may inherently exist in the 
original model. The first story columns are assumed to be fixed to the 
ground. 2% of the critical damping is used for modal and dynamic an-
alyses. The damping model used is the Rayleigh damping, which for-
mulates the damping matrix as a linear combination of the mass matrix 
and stiffness matrix with modifications to the stiffness proportional 
damping coefficients. 

For the seismic design and assessment of the models, SAP2000 [58] 
is used for simplicity. Frame elements in SAP2000 are used to model the 
RC beams and columns considering the longitudinal and shear rein-
forcement with plastic hinges at the ends. The number of connections 
per floor between the CBF and the RC structure depends on the 
maximum bearing force that can be delivered safely between the RC 
beam and the anchor rods. For the current case study models, it is found 
that three connections per floor are optimum in terms of cost to achieve 
this purpose. 

In the current study, two seismic hazard levels of 10% and 2% 
probability of exceedance in 50 years are used. These levels are equiv-
alent to the life safety and collapse prevention structural performances, 
respectively, for risk category II buildings to achieve a basic perfor-
mance objective equivalent to new building standards [42]. The struc-
tural models are assumed to be located in a stiff soil profile in Los 
Angeles with latitude and longitude coordinates of 34.0, and − 118.2, 
respectively. Fig. 5 shows the response spectra of the 11 earthquake 
records and their arithmetic mean along with the target response spec-
trum for each seismic hazard level. The 22 earthquake records shown in 
Table 2 are obtained from the PEER NGA Database [59]. The ground 
motions are selected and amplitude-scaled according to ASCE-7 [60]. A 
Step-by-step procedure for the 3 story 3D case study model is given 
below: 

10/50 2/50 
3st-3D 

Fig. 6. (continued). 
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1. The limit states for life safety and collapse prevention are defined as 
1.0% and 1.5%, respectively.  

2. The over-strength factor (Ω) is taken as 2.0 and the effective seismic 
weight per floor is found to be 675 kN. Dfrmax is found to be 0.2% and 
0.35% for DBE and MCE levels, respectively.  

3. Δsy and αs are taken as 6.0 mm and 0.06, respectively. 
4. The genetic algorithm (GA) optimization process provided the fric-

tion force capacity, Ffy, as 50.0kN, 30.0kN, and 10.0 kN, respectively, 
for the first, second, and the third story. Based on that, the pre- 
compressive force,Fsy, for these stories are 55.0 kN, 33.0kN, and 
11.0 kN, respectively.  

5. After conducting NLTHAs for the 22 earthquakes, the MIDRmeanfor 
the 10%/50 and 2%/50 are found to be 0.79% and 1.0%, respec-
tively, which are within the defined limit states in step 1.  

6. The steel components of the retrofit scheme are designed using the 
maximum forces calculated in step 4. The bearing stresses developed 

around the anchor rod are found to be within 4.8 MPa, which is less 
than the compressive strength of the concrete. 

4. Seismic performance evaluation of the example structures 

In this section, the effectiveness of the proposed retrofit in enhancing 
the seismic performance is comprehensively verified through investi-
gating the MIDR, maximum residual drift, damage collapse capacity, 
and seismic fragility. After that, the effect of the retrofit on the RC beam 
is investigated using the FE analysis. 

4.1. NLTH response analysis assessment 
In this section, non-linear time history response (NLTH) analyses are 

conducted to evaluate the seismic performance of the retrofitted struc-
tures. Fig. 6 and Fig. 7 shows the roof displacement response time-history 
of the model structures subjected to the 10/50 and 2/50 earthquakes, 
respectively. The figures show that the retrofit scheme reduces the 

Fig. 7. Top-floor displacement-response time history of the bare and the retrofitted 3-story 3D model.  
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maximum roof displacement significantly. In many cases, the percentage 
reduction in the maximum roof displacements exceeds 90%. Besides, the 
residual drift is eliminated for all earthquakes, except for the 3-story 2D 
structure; the residual drift ratio is found to be less than 0.1% for 
“Parkfield-Shandon Array #5′′ and “San Fernando, Pacoima Dam, 164” 
earthquakes. In general, a residual drift ratio of less than 0.2% is 
considered negligible for RC frames [61]. 

Fig. 8 and Fig. 9 depict the average MIDR of the models subjected to 
the 10/50 and 2/50 hazard level earthquakes, respectively. The MIDR 
design limit is set to be 1.0% and 1.5%, respectively, for these hazard 
levels. As can be observed in the figure, for the bare 3-story 2D model, 
the average MIDR is 1.82% and 3.47%, respectively, for the 10/50 and 
2/50 ground motions; however, for the retrofitted case, these values are 
reduced to 0.2% and 0.3%, respectively. For the 5-st 2D model, the bare 
frame results are reduced from 3.02% and 2.64% to 0.31% and 0.46% 
after retrofit, respectively, for the 10/50 and 2/50 events. For the 3- 
story 3D model, these percentages are reduced from 4.4% and 4.4% to 
0.75% and 0.99%, respectively, after the retrofit. 

4.2. Seismic fragility analysis results 
In this section, incremental dynamic analyses (IDAs) and seismic 

fragilities of the model structures before and after retrofit are investi-
gated. The earthquake records in Table 2 are used to construct the IDA 
curves. Commonly, IDA curves are obtained through conducting 
numerous NLTH analyses based on scaling the spectral acceleration to an 
increasing order until the collapse state is reached. IDA curves are shown 
in Fig. 10 for the 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. As can be seen from the figure, the median IDA 
curve is significantly improved after the retrofit. It is noted that the 
reduction rate in MIDR is increased with the increase in the hazard in-
tensity level. For example, at Sa = 1.0 g, the percentage reduction in 
MIDR due to retrofit are 61%, 56%, and 57%, respectively, for the 3-, 5- 
story, and 3D models. These values increased to 64%, 58%, and 67%, 
respectively, at Sa = 1.5 g. This shows the effectiveness of the proposed 
retrofit, especially at high hazard intensity levels, in decreasing the 
seismic demands. 

Fig. 7. (continued). 
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3-st 

5-st 

Combined bare and retrofitted 
3D-3st 

Fig. 8. Average MIDR of the bare and the retrofitted 2D models for the earthquakes with 10% and 2% probability of exceedance in 50 years.  
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Under different earthquake intensities, seismic fragility can be used 
to predict the conditional probability of structural damage. The fragility 
curves can be constructed using the IDA curves and the following con-
ditional probability lognormal cumulative distribution function [62], 

P[C < D@SI = x] = 1 − Φ

⌊
ln
(

Ĉ
/

D̂
)

βTOT

⌋

(7)  

where C is the structural capacity; D is the earthquake demand; SI is the 
seismic intensity hazard; Φ[.] is the standard normal probability inte-
gral; Ĉ is the median structural capacity for a specific limit state; D̂ is the 
median earthquake demand; and βTOT is the total system collapse un-
certainty which is taken as 0.6 based on the FEMA P695 [63] recom-
mendation. 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 seismic design guidelines. The 
fragility curves of the bare and retrofitted models are shown in Fig. 11 
for three different limit states, which are LS1 (i.e., Immediate Occu-
pancy, IO), LS2 (i.e., Life Safety, LS), and LS3 (i.e., Collapse Prevention, 
CP). As can be observed in the figure, the probability of exceeding the 
limit states is decreased significantly after the retrofit. For example, at 
Sa = 2.0 g, the probability of reaching or exceeding the IO limit state is 
reduced by 91% and 22% for the 5-story and 3D models, respectively. In 
the case of the 3D model, at a 50% probability of exceedance of the IO 
limit state, the required spectral acceleration is increased from 0.27 g to 
1.31 g. For the LS limit state (LS2 lines), the values are found to be 0.69 g 
and 2.5 g, respectively. 

Fig. 8. (continued). 
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4.3. Stress concentration at connections 

FE analysis has proved to be a reliable alternative to a real experi-
ment test to predict the structural behavior and failure modes of RC 
elements and components (e.g., [64–66]). An analytical FE model is 
constructed using the software ABAQUS [66] for investigating the stress 
concentration at the RC beam around the anchor bolts. The seismic force 
is concentrated on the contact surface between the anchor rods 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 the current study. 

Fig. 12 shows the finite element model of the RC beam with the holes 
for the anchor rods stressed under the maximum force induced due to 
one of the 2/50 earthquake records on the first floor of the 3D model. It 
is found that the stresses developed in the reinforcement steel are within 
the allowable range. Also, the stresses developed around the hole 
(approximately 4.8 MPa) are less than the compressive strength of the 
concrete. This can be attributed primarily to the number of holes 
distributed evenly on each side, which reduces stress concentration. 

5. Life cycle cost evaluation 

In this section, the effectiveness of the retrofit of the 3D model is 
investigated from the life cycle cost (LCC) perspective. The seismic LCC 
depends primarily on the damage state probability, which can be ob-
tained through the fragility curves. Wen et al. [67] suggested that the 
expected LCC of a structure can be calculated as 

E[CLc] = Co +

∫ L

0
E[CSD]

(
1

1 + λ

)t

dt = Co +αLE[CSD] (8)  

where Co is the initial construction cost, L is the service life of the 
structure (assumed 40 years), λ is the annual discount rate (assumed 
0.03 [68]), and E[CSD] is the annual expected seismic damage cost. α and 
E [CSD] can be calculated as 

α = 1 − exp( − qL)/qL (9)  

q = ln(1+ λ) (10)  

Fig. 8. (continued). 
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[CSD] =
∑N

i=1
CiPi (11)  

where N is the total number of limit-states considered, Pi is 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 
= 3), which are immediate occupancy (IO), life safety (LS), and collapse 
prevention (CP). They are related to three different hazard levels with 
50%, 10%, and 2% probability of exceedance in 50 years [42,69]. Ci is 
assumed to be 30, 70, and 100% of the initial cost of the structure based 
on previous studies [70,71]. Pi is given as 

Pi = P
(
ΔD > ΔC,i

)
− P

(
ΔD > ΔC,i+1

)
(12)  

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 ΔD > ΔC,i 

(the limit state probability,PLs) can be obtained by [72]: 

PLs = H
(
Sa

ĉ)exp
[

1
2

k2

b2

(
β2

Dsa
+ β2

C

)]

(13)  

where Sa
ĉ is the capacity spectral acceleration corresponding to the 

50% probability of exceedance obtained from the fragility curve, 

Fig. 9. Average MIDR of the bare and the retrofitted 3D models for earthquakes with the 10% and 2% probability of exceedance in 50 years.  
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H
(
Sa

ĉ)is the annual probability of exceedance at intensity Sa obtained 
from the hazard curve of the site (Fig. 13); k is the linear regression 
coefficient of the hazard curve; b is the linear regression coefficient of 
the median drift demand curve (obtained from the IDA); βD|sa 

is the 
dispersion measure of the drift demand at a given Sa (obtained from the 
IDA); and βC is the dispersion measure for drift capacity C (standard 
deviation of natural logarithm) and should be at least 0.3 considering 
previous studies [63,71]. 

The initial cost of the building, Co, is estimated based on the Inter-
national Construction Market Survey [73] for residential apartments 
(low-rise medium standard) in California in the United States. The 
construction cost is estimated as $2800/m2, which leads to the total 
initial cost (excluding the retrofit) of $1.26 million for the three-story 

case study building. The estimated initial and repair costs of the FD- 
DS components and the CBF are summarized in Table 3. In the case of 
the 3-story building, the FD-DS mechanism is attached to the outer 
frames in the y-direction as shown in Fig. 4. Six FD-DSs are required for 
each floor, i.e., eighteen items are required for the whole building. The 
total retrofit initial cost, the LS damage cost, and the CP damage cost are 

Fig. 10. IDA curves of the case-study models.  

Fig. 11. Fragility curves of the case-study models.  
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Fig. 12. Stress concentration after retrofit obtained from FE analysis; (a) Concrete around anchor rods; (b) Anchor rod and steel reinforcement (Legend in MPa).  

Fig. 13. The hazard curves of the building site location coordinates of (34.0, and -118.2).  
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$52,600, $4,230, and $11,430, respectively. 
To simplify the repairing process of the proposed retrofit scheme, the 

damages are assumed to occur in the anchor rods and the disc springs 
only. 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 anchor rods are expected to reach a 
shear yield state. For the CP limit state, the disc springs are expected to 
reach the state immediately before the yield (or onset of yielding state), 
and the anchor rods are expected to fail in shear. Fig. 14 compares the 
bare and the retrofitted 3D model in terms of the limit state probability 
of exceedance, the additional cost over the initial cost, and the total 
seismic LCC. The figure shows that the retrofitted structure has much 
lower values for the limit state probabilities of exceedance compared to 
the bare frame case. For the three limit states, which are LS1 (IO), LS2 
(LS), and LS3 (CP), the probability values decrease from 14.7%, 0.6%, 
and 0.5%, respectively, in the bare structure to 0.05%, 0.01%, and 
0.006%, in the retrofitted structure. The additional damage cost is 
reduced from $1.42 million to $0.06 million after the retrofit. The total 
seismic LCC is reduced from $2.68 million (2.13 times the initial cost, 
Co) to $1.32 million (1.01 times the initial cost). This shows the effec-
tiveness of the proposed retrofit scheme from the LCC standpoint. 

6. Conclusion 

A new seismic retrofit scheme was proposed utilizing a friction- 
damper with disc-springs (FD-DS) connected with a concentrically 
braced frame. The effectiveness of the retrofit was investigated through 
NLTH analyses, incremental dynamic analyses, fragility analysis, finite 
element analysis, and seismic LCC. The proposed retrofit technique 
provides both the self-centering capability through the DS component 
and the energy dissipation capability through the friction damper. The 
retrofit can be implemented to both new and existing structures. A 
performance-based seismic design procedure was proposed for 
designing the retrofit main components utilizing a genetic algorithm. 2D 
and 3D models were used as case study models for validation of the 
proposed scheme. 

The following findings could be drawn based on the results of the 
current study:  

• After the retrofit, the MIDR was reduced by 90% and the residual 
drift was eliminated for all the models investigated.  

• The mean MIDR for the 10/50 and 2/50 hazard levels were reduced 
to 0.2% and 0.3%, respectively, in the 3-story 2D model after the 
retrofit. These values were found to be 0.31% and 0.46%, respec-
tively, in the 5-story 2D model and 0.75% and 0.99% in the 3D 
model. In the bare case, all values exceeded the allowable design 
limits. 

• The seismic fragility of the retrofitted models was improved signifi-
cantly compared to the bare ones. For example, at Sa = 2.0 g, the 
probability of reaching or exceeding the IO limit state is reduced by 
91% and 22% for the 5-st and 3D models, respectively. For the 3D 
model, the 50% IO limit state fragility, increased from 0.27 g to 1.31 
g after the retrofit. These values turned to be 0.69 g and 2.5 g, 
respectively, for the LS limit state case.  

• The stress concentration caused by the retrofit system on the RC 
beam of the original structure was found to be negligible based on 
the FE analysis results.  

• In the 3D model structure, the probability of exceeding the IO, LS, 
and CP limit states were reduced from 14.7%, 0.6%, and 0.5 to 
0.05%, 0.01%, and 0.006%%, respectively, after the retrofit.  

• After retrofit of the 3D model, the additional life-cycle damage cost 
was reduced from $1.42 million to $0.06 million.  

• The total seismic LCC of the 3D structure was reduced from $2.678 
million (2.13 times the initial cost) to $1.319 million (1.01 times the 
initial cost). 
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• Based on the analysis results, the proposed seismic retrofit method 
turned out to be effective in increasing the seismic safety of existing 
RC structures. 
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