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1. Introduction 
 

Soft first story structures are common throughout the 

world because of the architectural advantage of free use of 

the ground floor. However, this type of structure is 

vulnerable to an earthquake due to concentration of damage 

in the soft first story. In the recent M5.4 Pohang earthquake 

which occurred in Korea in 2017, shear and flexural failure 

of the first story columns along with improper rebar 

detailing was the most common cause of damage in the soft 

first story structures. Fig. 1 shows some examples of the 

first story columns damaged during Pohang earthquake. 

The safety of a soft first story structure subjected to an 

earthquake load mainly relies on the extent of damage in the 

first-story columns (Favvata et al. (2013)). For seismic 

safety of vertically and/or horizontally irregular structures, 

various seismic retrofit techniques have been proposed. For 

example, Kim and Bang (2002) developed an optimum 

distribution technique of added viscoelastic dampers for 

asymmetric buildings. Briman and Ribakov (2009) used 

base isolation to improve the structural performance of soft 

first-story structures. In their research, an isolating column 

was developed to decrease the base shear force of the 

structure. Agha Begi et al. (2015a) proposed a gapped-

inclined brace system that is added to the first story column. 

This system was shown to increase ductility and decrease 

residual drifts. Lee et al. (2017) developed steel plate slit-

friction hybrid dampers for seismic retrofit of low-rise 

residential buildings. Javidan and Kim (2019) used a pin-

jointed steel frame and a rotational friction damper for  
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retrofitting soft first story structures. Recently they 

developed a steel column damper for seismic retrofit of soft 

first-story structures (Javidan and Kim 2020). 

Self-centering systems are known to be effective in 

minimizing residual displacement as well as the maximum 

inter-story drift ratio (MIDR). A variety of self-centering 

retrofit systems have been proposed; self-centering energy 

dissipating brace systems have been developed by various 

researchers (Miller et al. 2012, Xu et al. 2016, Naeem et al. 

2017). Spring viscous dampers combined with a pre-

stressed cable have been developed as an energy dissipation 

device with a self-centering capacity (Sorace and Terenzi 

2012, Naeem and Kim 2018). Cheok and Lew (2014) 

conducted a test on a post-tensioned precast beam column 

connection and showed the self-centering feature of the 

connections. Morgen (2007) carried out an experiment of 

concrete beam-column subassemblies and showed that the 

precast beam column assembly has a self-centering 

capability. Henry et al. (2016) carried out residual drift 

analyses of realistic self-centering concrete wall systems, 

and found that due to dynamic shake-down the residual 

drifts at the conclusion of the ground motion were 

significantly less than the maximum possible residual drifts 

that were observed from the cyclic hysteresis response. 

Song and Guo (2017) proposed a post-tensioned self-

centering (SC) concrete beam-column connection with web 

friction devices and developed a probabilistic performance 

evaluation procedure to evaluate the performance of the 

self-centering concrete frame with the proposed post-

tensioned beam-column connections. Wang et al. (2019) 

developed a new precast concrete beam-column connection 

with all-steel bamboo-shaped energy dissipaters. The self-

centering capacity of the connection comes from the post-

tensioned tendons. 

In this study a self-centering post-tensioned precast  
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Fig. 1 Damaged soft first story structures during 2017 

Pohang earthquake (Photos taken  by the corresponding 

author) 

 

 
(a) Rectangular beam 

 
(b) Enlarged beam end 

Fig. 2 Post tensioned precast beam column connection 

 

 

concrete frame with enlarged beam end (PCFEB) is 

developed to provide additional stiffness and self-centering 

capability to an existing structure for seismic retrofit. An 

analytical model for the beam column connection is derived 

and validated by a finite element model of a beam-column 

assembly with an enlarged beam end. The section size of 

the PC frame as well as the beam column connection 

property are optimized using a multi objective genetic 

algorithm. The optimization will determine the appropriate 

cross-section size of the retrofitting frame as well as the 

beam column connection property. The seismic 

performance of the retrofitted structure is finally evaluated 

by performing incremental dynamic analysis and fragility 

analysis. 

 

 

2. Analytical model of a post-tensioned precast 
beam column connection 

 

This section describes the analytical model for a post-

tensioned enlarged beam end connection, which is then 

used for seismic performance evaluation of a soft first story 

structure retrofitted with PCFEB. Fig. 2 shows post-

tensioned beam column connections with rectangular beam  

 
(a) Rectangular beam 

 
(b) Beams with enlarged end 

Fig. 3 Beams connected to the base using prestressed 

tendon 

 

 

 

and beam with enlarged end, where the post-tensioned (PT) 

enlarged beam end connection has a lever arm (Db) larger 

than that of the rectangular end connection (db) with the 

increased moment capacity and re-centering capacity of the 

connection. Fig. 3 shows a cantilever beam connected to a 

base using a prestressed tendon and its analysis model. The 

behavior of the system can be modeled by a rotational 

spring at the end of the beam which captures the moment 

rotation response of the post tensioned connection 

(Pampanin et al. 2001). Fig. 4 depicts the bilinear 

idealization of the backbone curve of the rotational spring, 

where the yield point and the ultimate rotation are 

determined by: (1) geometrical and material properties of a 

beam, (2) material properties of the prestressing tendon, and 

(3) pre-stressing force applied. Each key point of the 

backbone curve represents a particular state of the 

prestressed beam assembly. These key points are then used 

to idealize the backbone curve with a bilinear curve. 

The three states 1, 2 and 3, shown in Fig 4, are the 

decompression point, linear limit point, and yield limit point 

of the tendon, respectively. Decompression point is where 

the compressive stress in the concrete at the extreme fiber 

of the beam reaches zero. This point signals the start of  

 

Fig. 4 Bilinear idealization of the backbone curve of a 

rotational spring 
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opening of gap at the beam column interface. The linear 

limit point is related to the end of linear relationship 

between concrete compressive stress and strain. The yield 

limit point is related to the stage where the prestressed 

tendon yields and the concrete ultimate conditions are 

approached.  

The moment-rotation relationships at the three stages 

can be derived based on Priestley and Tao (1993). The 

Moment resistance at the decompression point (Mdecomp) 

calculated assuming a linear strain-stress relationship is 

given as: 

 
(1) 

where Pi is the initial pre-stressing force and hb is the depth 

of the beam. Since there is no gap opening up to the 

decompression point, the corresponding rotation of the 

rotational spring at decompression point is zero. The 

moment resistance at the linear limit point, Mlim, where the 

gap reaches the mid depth of the beam is 

 
(2) 

Until this stage the strain in the tendon is small and the 

gap opening is minimal; consequently, the corresponding 

rotation of the rotational spring is neglected in the analysis 

model. The stiffness will also remain constant up to this 

point since the effect of gap opening is small. The moment 

resistance at the final stage, Mult is: 

 
(3) 

 

 

(4) 

where C is the neutral axis depth determined after 

successive iteration; β1 is 0.85 based on ACI code (2019); 

and fsl is the stress at the ultimate rotation (θult) which is the  

 

Fig. 6 Experimental Validation of the finite element and 

analytical models 

 

 

maximum allowable drift ratio of 2% of story height. In the 

case of the enlarged beam end, the enlarged beam depth is 

used for calculating the backbone curve of the rotational 

spring. 

 

 

3. Validation of finite element and analytical models 
 

In this section, a finite element model for a prestressed 

beam-column connection is constructed and is validated 

using the results of experiment conducted by Morgen 

(2007). Fig. 5 shows the experimental setup which has a 

beam with a depth of 32.0 in (813 mm), a width of 19.25 in 

(489 mm), and a length of 126 in (3200.4 mm). The column 

(base) is 71.25 in (1810 mm) deep and is supported by two 

support fixtures that are tied to a reinforced concrete strong 

floor. The column fixture and the beam are joined by two 

PT (post-tensioned) tendons. Each PT tendon, placed in 

2.375 in. (60 mm) duct, has an area of 1.519 in2 (980 

mm2), and is made up of seven strands. The compressive 

strength of concrete used for beam and column is 6 ksi 

(41MPa) and 8 ksi (55 MPa), respectively. The yield 

strength of longitudinal and transverse reinforcement of the 

beams is 60 ksi (414MPa). The spiral reinforcement, which 

is used for extra confinement, has a yield strength of 65ksi 

(448 MPa). The yield and ultimate strength of the tendon is 

245 ksi (1,689 MPa) and 270 ksi (1,861 MPa), respectively. 

The pre-stressing force is 416.5 kips (1,853 kN). A lateral 

cyclic load is applied by an actuator located at 106.375 in. 

(2710mm) above the beam-column interface in such a way 

that displacement of each intermediate cycle is equal to 30 

of the preceding set of three cycles. 

The column, beam, tendon, anchor plate, and loading 

plate are modeled with the finite element analysis software 

ABAQUS. To consider the confinement provided by 

transverse reinforcements, a confined concrete model 

proposed by Mander et al. (1989) is used. The beam, anchor 

bolts, tendon, and loading plate are modeled with eight-

node brick hourglass control. The anchor and loading plate 

are tied to the beam, and the tendons are tied with the 

anchor plates. A master-slave algorithm, used to define the 

interaction between contact pairs, is used to define the 

interaction between the surface of the beam and column as 

well as between the tendon and beam. The contact  
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Fig. 5 Test setup for beam-column assembly connected by 

tendon (Morgen 2007) 
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(a) R=1.25 

 
(b) R=1.5 

Fig. 7 Principal stress of an enlarged beam end subjected to 

a lateral force at the end of the beam (units in MPa) 

 

 

formulation is based on the surface-to-surface discretization 

method and finite sliding formulation. Hard contact that 

prevents surface penetration is used to define the normal 

behavior of the interaction. In the tangential direction, a 

penalty method with the coulomb friction coefficient of 0.3 

is used to formulate the contact behavior.  

The model has six degrees of freedoms (DOF) and the 

boundary conditions of the experiment are modeled by 

restricting out of plane movement and fixing the column at 

the base for all DOF. The loading step has two steps; the 

first is the pre-stressing step which is performed by defining 

coefficient of thermal expansion of the tendon material and 

subjecting the tendon to a temperature load that produces 

the required tensile force. The second step is the loading 

step where the cyclic load is applied to the loading plate. 

Fig. 6 shows the hysteretic beam end moment versus beam 

chord rotation responses of the experimental and finite 

element model, where it can be observed that the stiffness, 

strength, and hysteresis characteristics of the two responses 

are in good agreement. The analysis model seems to be 

good at predicting the skeleton curve of the results 

Fig. 7 shows the finite element model of column-beam 

assemblies with two different enlarged beam end which are 

used to validate the analytical model. R is the ratio of the 

enlarged beam depth and the depth of the other part of the 

beam, and the depth of the beam end is enlarged to 1.25 and 

1.5 times that of the other part of the beam. The finite 

element analysis results are compared with those of the 

analytical model performed in OpenSees (2000) using the  

 

 

nonlinear beam element depicted in Fig. 8. It can be 

observed that both the linear limit and the ultimate limit 

moment increase as the depth of the enlarged beam end 

increases. As the strength increases, the re-centering 

capability of the connection also increases. As the joint 

rotation is prevented by the prestress until the linear limit is 

reached, the initial flexibility of the system observed in the 

FE analysis is from elastic bending/shear deformation of the 

cantilever beam and the local deformation at the beam end 

which can be noticed in the stress contour depicted in Fig. 

7. In comparison, the stiffness of the system predicted by 

the OpenSees model is much larger than that of the FE 

model. As the size of the beam is relatively very large, the 

elastic shear and bending deformation of the beam is almost 

negligible and the initial flexibility is due mainly to the 

local deformation at beam end, which cannot be considered 

in the nonlinear beam element model in OpenSees. 

Fig. 9(a) shows the single story three bay prestressed PC 

frame with its beam end enlarged by 1.5 times and its 

pushover curve obtained by OpenSees analysis. The 

dimensions and the tendon pre-stressing force of the 

PCFEB applied for seismic retrofit of the model structure 

are shown in Table 1. The analytical model for beam 

column connection described in section 2 is applied for 

nonlinear analysis of the retrofit system. The retrofitting 

frame columns are fixed at the base and two different joint 

rotational spring models are used to simulate the behavior 

of the prestressed PC joint; the one with infinite initial 

stiffness and the other with initial flexibility fitted to the FE 

analysis results shown in Fig. 9(b) considering local stress 

concentration. It can be observed in the pushover curve that 

the two pushover curves are almost identical, which implies 

that the effect of initial flexibility due to the local 

deformation is negligible. Based on the observation the PC 

beam-column joint is modeled by bilinear rotational spring 

with infinite initial stiffness up to the linear limit in the 

following analysis. 

 

 

4. Seismic retrofit of a soft first story structure 
 
4.1 Description of example structure 

 
The analysis model structure is a three-bay, five-story 

reinforced concrete moment framed structure as shown in 

Fig. 10. It is assumed that the structure was designed before 

seismic design code was enforced. The distance between 

the centerlines of columns is 6m and the height is 3.2 m.  

The perimeter of the structure is filled with masonry 

infill walls except the ground floor, resulting in a typical 

soft first story structure. 

The structural elements of the model are designed for 

gravity loads only using ACI 318 (2019). The column and  

Table 1 Dimensions and pre-stressing force of the PC frame 

Column 

(mm) 

Pre-stressing 

force (MPa) 

Beam 

(mm) 

Enlarged 

beam end 

(mm) 

Tendon 

(mm2) 

600 × 400 800 500 × 300 500 1000 
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(a) 3-bay prestresseed PC frame 

 
 

Fig. 9 Pushover curve of a PC frames obtained using 

different initial rotations 

 

 

beam cross sections are assumed to be the same for all 

floors and are summarized in Table 2 with their 

corresponding reinforcement. The structure is designed for 

a superimposed dead load of 2 kN/m2 and a live load of 2.5 

kN/m2. Its self-weight is calculated by assuming concrete 

unit weight of 25KN/m3. The compressive strength of 

concrete is 27.5 MPa (4000 psi), and the yield strength of 

the longitudinal reinforcement bars is 413MPa (60 ksi). The 

total seismic weight and the fundamental natural period of 

the structure is 9,478.2 kN and 1.1 sec, respectively. Table 3 

summarizes the dynamic properties of the structure such as 

the fundamental period, the mass of each floor, and the 

modal mass participation factor of the first mode. The high 

first mode participation indicates that the dynamic response 

is dominated by the first mode, and that the structure above 

the ground floor moves rigidly resulting in a soft first story  

 

 

 

Fig. 10 Structural model of example building 

 

 

 

behavior (Agha Beigi et al. 2015b). 

The masonry infill wall in the upper stories is modeled 

using two compressive equivalent diagonal struts as 

recommended in ASCE 41-17 (2017) and FEMA 356 

(2000). Table 4 summarizes the mechanical properties of 

the infill material used in this study, where Fm, Fdt, Eme, Gme 

are the tensile strength, compressive strength, elastic 

modulus, and shear modulus. 

 

Fig. 8 Bending moment-drift relationships of the beam-column assembly predicted by the analytical model and the finite 

element model 

Table 2 Reinforcement details of the model structure 

(a) Beams  

Dimensions Longitudinal Rebar 
Transverse 

rebar 

 Top Middle Bottom  

500 × 300 mm 4 D16 2D16 4 D16 D10@150 mm 

(b) Columns 

Dimensions (mm) Longitudinal rebar 
Transverse 

rebar 

400 × 400 8D16 D10@150 mm 
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Fig. 11 Analysis model of the soft first story building in 

OpenSees 

 

 

Fig. 12 Target spectrum and response spectra of the seven 

earthquakes scaled to the target spectrum 

 

 

 

Fig. 11 shows the 5-story case study structure modeled 

in OpenSees. The non-linear behavior of the beam and 

column elements is accounted for using the nonlinear 

beam–column element, which is based on a distributed 

plasticity model with five integration points. The Material 

models for concrete and steel are Concrete02 and Steel02, 

respectively. The infill wall is modeled as a truss element 

with a zero tensile strength (Concrete01) which is known to 

give a reasonable result for envelope analysis of infilled 

reinforced concrete frames (Karayannis et al. 2011, 

Mohammad Noh 2017). As the residual strength of the infill 

wall is conservatively taken as zero, the difference in 

stiffness between the upper stories and the first story due to 

the presence of the infill wall disappears after the infill 

walls reach their ultimate strength. The columns are 

assumed to be fixed at ground level and a rigid connection 

between beam and column is assumed. A leaning-column is 

linked to the frame to account for P-delta effects. Elastic 

beam-column element with high axial stiffness is used to 

model the leaning-column. The leaning-column is loaded 

with gravity load in order to capture the effect of gravity 

columns on the performance of the overall structure Zero-

length element with very small rotational stiffness is used to 

connect the leaning-column elements to ensure that there is 

no significant moment captured by the leaning-column.  

 

 

 
(a) 3d view of the model structure 

 
(b) Closer view of the retrofit system 

Fig. 13 Seismic retrofit of the model structure using PCFEB 

 

 

Axially rigid truss elements are used to connect the leaning-

column with the frame. The OpenSees model for the post-

tensioned precast concrete frame with an enlarged beam end 

(PCFEB) is shown in Fig. 12. 

 

4.2 Seismic retrofit of the model structure 
 

The seismic performance of the model structure is 

evaluated by time-history analysis using seven earthquake 

records selected from the PEER-NGA Database (2013). 

Details of the earthquake records are described in Table 5. 

The Time history records are scaled to have their mean 

response spectrum match the design spectrum of Korea for 

periods ranging from 0.2T to 1.5T, where T is the 

fundamental period of the structure based on the guideline 

of ASCE 7 (2016). The response spectra of the scaled 

earthquake records together with the MCE spectrum are 

shown in Fig. 13. 

The time history analysis results show that the model 

structure, which was not designed for seismic load, 

collapses for most of the selected earthquakes and therefore  

Table 3 Summary of dynamic properties of the model 

structure 

Mass at each story Mass participation factor period 

1895 KN 99% 0.405 s 

Table 4 Mechanical properties of infill walls 

Material Fm Fdt Eme Gme 

Masonry 

brick 
6.2 MPa 0.311 MPa 1.24 GPa 0.496 GPa 

Table 5 List of the earthquake records used in the nonlinear 

dynamic analysis 

Earthquake Name Station Name Magnitude 

"Friuli Italy-01" "Tolmezzo" 6.5 

"Imperial Valley-06" "Delta" 6.53 

"Superstition Hills-02" " Poe Road (temp)" 6.54 

" Loma Prieta " "Capitola" 6.93 

"Koaceli Turkey" " Duzce" 7.51 

"Kobe_ Japan" "Nishi-Akashi" 6.9 

"Imperial Valley-06" "El Centro Array #11" 6.53 
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Fig. 14 Connection detail of RC and PC frames 

 

 

Fig.15 Maximum inter-story drift of the model structure 

 

 

needs seismic retrofit. The single story three bay PCFEB 

depicted in Fig. 10(a) is attached to the first story exterior 

frame of the model structure for seismic retrofit as shown in 

Fig. 13. The PC columns and beams are designed to be 

elastic during the earthquake excitation so that stable self-

centering force can be generated by the tendons. The 

preliminary design process presented in Nour Eldin et al. 

(2020) was applied to determine the initial size of the PC 

frame. The PC frame can be connected to the existing RC 

structure with anchor bolts as shown in Fig 14. A steel plate 

is used to distribute the large concentrated force from the 

anchor bolt to the concrete surface. A Teflon pad is inserted 

between the RC and PC frame to reduce friction and 

possible damage in the interface. More detailed information 

regarding the installation of the PC frame can be found in 

Nour Eldin et al. (2020). The anchor bolt is modeled as a 

rigid beam while the beam and column elements of PCFEB 

are modeled using a nonlinear beam-column element with 

fiber sections. The bottom of the PC column is assumed to 

be fixed to the ground, and the connection at the beam 

column interface is modeled with a zero-length elastic 

bilinear element as previously described in section 2. 

The analytical model described in section 2 is applied 

for nonlinear analysis of the retrofit system. Time-history 

analysis is carried out in OpenSees using adaptive algorithm 

to avoid convergence problems, which are common in non- 

 

Fig. 16 Time history of roof story displacement before and 

after retrofit subjected to San Fernando earthquake 

 

 

linear analysis. This algorithm switches to a different 

solution algorithm when faced with a convergence problem 

at each time step. After exhausting the various algorithms, it 

reduces the analysis time step to make sure convergence 

can be achieved.  

Fig. 15 shows the maximum inter-story drifts of the 

model structure retrofitted with the PCFEB subjected to the 

seven earthquake records. It can be observed that the mean 

inter-story drift of the retrofitted structure is much lower 

than 2% which is set to be the limit state for MCE 

earthquakes. In the following section, the parameters of the 

PCFEB are redesigned so that the MIDR is close to but 

does not exceed the given limit state. 

Fig. 16 depicts the time history of roof story 

displacement of the model structure subjected to San 

Fernando earthquake before and after the retrofit. It can be 

observed that the roof-story displacement is significantly 

reduced after the retrofit with PCFEB. It is also observed 

that after the retrofit, the earthquake-induced shear force in 

each RC column is reduced because it is divided into the 

existing RC column and the added PC column, and thus the 

possibility of shear failure of columns is decreased. 

 

 

5. Optimization of the PCFEB using multi objective 
genetic algorithm 

 
Genetic algorithm is a general-purpose numerical tool 

which can optimize highly nonlinear objective functions 

using stochastic methods. It uses a space of genotypes to 

represent the candidate solutions (phenotypes) consisting of 

a chromosome with a set of genes, where each gene 

contains a value of one parameter (Cazacu and Grama 

2014). It has been used for optimum design of energy 

dissipation devices for seismic retrofit (Kim and An 2017, 

Nour Eldin et al. 2018).  

In this research, the parameters (genes) used to describe 

the chromosome are pre-stressing force, area of PT tendon, 

and the size of beam and column. Genetic algorithm starts 

by randomly generating initial solutions (population). Each  
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Fig. 17 Multi-objective optimization using N2 method and 

time history analysis 

 

 

 

solution will be ranked based on the fitness value, which is 

determined by evaluating the individual solution using an 

objective function. Then the solution is evolved for a 

number of iterations (generations) using different GA 

operations such as selection, crossover, and mutation.  

Multi-objective optimization using genetic algorithm is 

generally used to handle problems with more than one 

objective function. The result of the multi-objective 

optimization is a solution set called Pareto-optimal 

solutions, unlike a single-objective optimization with a 

single result. The Pareto front in multi-objective 

optimization problems stands for a set of solutions that are 

non-dominated to each other but are superior to the rest of 

solutions in the search space. In this research, MATLABS’s 

‘gamultiobj’ function is used to implement multi-objective 

optimization to find an optimal retrofit solution satisfying 

the limit state of the structure. The function uses a 

controlled elitist algorithm which includes individuals with 

low rank too in order to increase population diversity. 

Ranks are assigned in each iteration and a non-dominated 

subset will be determined. A solution is considered 

dominant if it is better in at least one objective and not 

worse than other solution in all other objectives. The 

optimization process also helps automate the retrofit 

procedure rather than relying on initial estimation and 

iterations.  

The objective functions used for optimization are the 

MIDR (maximum inter-story drift ratio) of the retrofitted 

structure and the size of the PC retrofit system. MIDR is  

 

Fig. 18 Maximum inter-story drift of the model structure 

after retrofit with optimally designed PCFEB 

 

 

 

used to determine both the structural performance and the 

optimization of structural members. The sizes of the PC 

beams and columns including the depth of the enlarged 

beam end and the prestressing force of the tendon are 

allowed to vary within their initial values. MIDR close to 

the limit state indicates that the structural members are 

optimized within the given limit state. Nonlinear dynamic 

analysis using the Imperial Valley-06 (Delta station) 

earthquake, which produced median MIDR among the 

seven earthquakes in the previous section, is used in the 

optimization process.  Nonlinear static N2 method (Fajfar 

2000) is also applied for comparison. 

Fig. 17 shows the Pareto optimal front for MIDR 

generated using the two different analysis techniques, where 

it can be observed that the MIDR obtained from the two 

methods are in good agreement. From the Pareto optimal 

solutions, the values that produce MIDR closer to the limit 

state of 2% of the story height is taken as the optimized 

values to proceed to the next step. A sample of the Pareto 

optimal solutions is shown in Table 6. 

Table 7 shows the magnitude of pre-stressing force and 

the size of structural components of the PCFEB determined 

based on the Pareto optimal solutions, where the cross-

section of the PC column is decreased by 15%, the enlarged 

beam end depth is decreased by 12%, and the tendon area is 

decreased by 30% compared with the initial values.  

The seismic performance of the model structure 

retrofitted with optimally designed PCFEB is evaluated 

using the seven ground motion records to check whether it 

satisfies the given limit state. Fig. 18 shows the MIDR of 

the model structure retrofitted with the optimized PCFEB, 

where it can be observed that the average result is quite 

close to but does not exceed the 2% limit state. This shows 

that the retrofitted structure has been optimized within a 

target response. 

Table 6 Pareto optimal solutions 

Pre- stressing 

force  

(MPA) 

Enlarged beam 

end depth  

(mm) 

Tendon 

Area 

(mm2) 

Column 

dimension 

(mm) 

MIDR (%) 

817 475 1565 580 1.5 

833 473 1583 550 1.6 

663 548 745 466 1.7 

794 486 693 446 1.8 

732 459 496 402 1.9 

728 457 546 402 2 

815 454 972 401 2.1 

710 460 838 401 4 

Table 7 Dimensions and pre-stressing force of the seismic 

retrofit system after optimization 

Pre-stressing 

force (MPA) 

Enlarged 

beam depth 

(mm) 

Tendon 

Area 

(mm2) 

Column 

dimension (mm) 
MIDR (%) 

800 490 700 450x450 1.8 
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(a) IDA results  

 

(b) Median IDA results 

Fig. 19 Incremental dynamic analysis results of the model 

structure before and after seismic retrofit 

 

 

6. Seismic fragility of the model structure 

 

 
(5) 

where P(C|IM=x) is the probability of collapse at a 

given intensity measure (IM=x); Φ is the standard 

normal cumulative distribution function (CDF); θ is 

the median of IM; and β is the standard deviation of ln 

IM. 

 
(6) 

 

(7) 

Fig. 19 depicts the incremental dynamic analysis results 

of the model structure before and after the seismic retrofit 

using the optimally designed PC frame. It can be noticed 

that the retrofitted structure reaches a certain maximum 

inter-story drift ratio at significantly higher earthquake 

intensity. Table 8 compares the median spectral acceleration 

(g) of the model structure for reaching various damage 

states (inter-story drift ratios). The intensity measure 

increased by 33% for damage state 1%, 52% for damage 

state 1.5%, and 92% for damage state of 2%. This indicates 

that the higher the damage state becomes, the higher the  

 

(a) MIDR=1% 

 

(b) MIDR=2% 

Fig. 20 Fragility curves of the model structure before and 

after seismic retrofit 

 

 

 

margin for safety is. This can also be observed in the 

fragility curves for damage state of 1% and 2% inter-story 

drift ratios as shown in Fig. 20. The probability of 

exceeding each damage state is significantly reduced after 

the seismic retrofit, and the reduction is more profound at a 

higher damage state. 

In this paper the seismic retrofit effect of the post-

tensioned PC frame with an enlarged beam ends (PCFEB) 

was investigated. A finite element model for the post-

tensioned PC beam column connection was developed in 

ABAQUS finite element software and was validated by 

experimental results. An analytical model for the beam  

column connection was derived and was validated by a 

finite element model. A multi objective genetic algorithm 

was used for optimizing the retrofit system, and the 

effectiveness of the optimally designed PCFEB was 

assessed by fragility analysis.  

The finite element analysis results showed that the 

analytical model for the PC beam-column connection can 
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Table 8 Median spectral acceleration (g) of the model 

structure for various damage states (inter-story drift ratios) 

Inter-story drift ratios 1% 1.5% 2% 

Before retrofit 0.18 0.23 0.25 

After retrofit 0.24 0.35 0.48 
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reproduce the test results with reasonably good accuracy. 

Nonlinear dynamic analysis of the model structure 

subjected to seven earthquake records showed that the 

effectiveness of the retrofit system increases as the depth of 

the beam end increases. Multi-objective optimization using 

genetic algorithm was found to produce optimum size of the 

PCFEB while a performance limit state was satisfied. The 

fragility analysis showed that the probability of exceeding 

the three damages states, the maximum inter-story drift 

ratio of 1.0%, 1.5%, and 2%, was significantly reduced after 

the seismic retrofit. Based on the analysis results, it was 

concluded that the post-tensioned PC frame with an 

enlarged beam end is effective in seismic retrofit of soft 

first story structures due to added stiffness and self-

centering capability. However further experimental 

verification of the analysis model and the seismic retrofit 

effect of the post-tensioned PC frame with an enlarged 

beam ends is still needed. 
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