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Abstract: Based on a practical engineering case of seismic strengthening, this paper used the enlarging
cross-section method and an external self-centering substructure to improve the seismic performance
and seismic resilience of existing frame structures. Among them, the external self-centering substruc-
ture included setting a self-centering precast beam and diagonal braces. Utilizing the OpenSees finite
element platform, a seismic fragility analysis was carried out to compare the improvements in seismic
performance and seismic resilience before and after strengthening. The analysis results show that the
proposed modelling method could be simulated satisfactorily. The maximum inter-story drift and the
residual inter-story drift of the strengthened frame structures decreased significantly under the same
peak ground acceleration. The peak ground acceleration of the strengthened frame structures signifi-
cantly increased under different performance levels. Additionally, the exceedance probability of the
strengthened frame structures was obviously reduced, which reflected that the seismic performance
and seismic resilience of the strengthened frame structures were significantly improved.

Keywords: frame structures; seismic strengthening; numerical simulation; IDA; seismic fragility
analysis

1. Introduction

As economic development enters a new phase, the growth rate of infrastructure
construction is gradually slowing down. Besides, the number of new buildings is also
decreasing year by year due to limited urban land and space. A large number of early RC
frame structures exist in cities. Although they have not reached the end of their design
service life, there are still some potential problems. Firstly, it is difficult for early RC
multi-story frame structures to meet the requirements of the current Code for the Seismic
Design of Buildings (GB 50011-2010) [1] due to the rapid development of seismic technology.
Secondly, the function of the existing frame structures may be changed during their service
life. For example, some frame columns may be removed in order to open up large amounts
of space; this means the lateral stiffness of frame structures is greatly reduced, which then
presents a difficult problem for strengthening existing frame structures. Thirdly, early and
existing frame structures are demolished, and new frame structures are built, which incurs
high costs and other problems. In summary, the seismic strengthening of existing frame
structures has gradually become a prominent issue in research.

There are various strengthening methods [2–4], and a simple and common method
is the enlarging cross-section method. Existing frame structures can be strengthened by
increasing the size of the concrete cross-section and the amount of steel bars to improve
the lateral stiffness and bearing capacity. Additionally, the enlarging cross-section method
could effectively improve the seismic performance and collapse resistance of existing frame
structures under strong earthquakes [5,6]. However, the enlarging cross-section method has
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limited effects on reducing residual deformation. According to a performance-based seis-
mic design method, prestress was applied to steel strands so that its residual deformation
was reduced and its seismic resilience was increased, which was easy to repair after earth-
quakes [7]. In addition, the two ends of the steel strand were anchored to the cast-in-place
concrete, and the performance of the co-working was good. Priestley et al. [8,9] studied the
precast seismic structural systems (PRESSS) program and proposed a precast concrete frame
structure system with dry prestressed hybrid connection joints. Lu et al. [10,11] conducted
seismic performance tests on self-centering RC frame structures with beam–column joints
and column–base joints. It was found that the frame structures were almost undamaged
under extreme earthquake action, and the seismic performance and self-centering capacity
were excellent. Kurosawa et al. [12] used precast prestressed concrete frames to retrofit
existing RC frame structures, and found that precast frames had well-controlled cracking
and minimized residual deformation compared to integral RC frames. Eldin et al. [13] used
post-tensioned prestressed technology to retrofit existing frame structures, and the results
showed that the maximum inter-story drift and residual inter-story drift of strengthened
frame structures were significantly reduced. It could be seen that the use of prestressed
steel strands effectively enhanced the seismic performance and seismic resilience of the
frame structures.

In order to scientifically and reasonably evaluate the seismic performance and seismic
resilience of frame structures before and after strengthening, the seismic fragility analysis
has been developed [14]. The seismic fragility analysis, which quantitatively describes the
dynamic relationship between the peak ground acceleration and exceedance probability of
frame structures, plays an important role in global seismic risk assessment [15]. In addition,
the seismic fragility analysis is relatively easy to perform, and the results are relatively intu-
itive. More and more scholars have adopted the seismic fragility analysis to assess the seis-
mic performance and seismic resilience of structures in recent years. Ji et al. [16] proposed
a simple lumped-parameter model for the seismic fragility assessment of existing high-
rise buildings. Sarno et al. [17,18] conducted a seismic fragility analysis considering the
influence of reinforcement corrosion on existing RC frame structures. Kumar et al. [19,20]
considered the uncertainty in aleatory and epistemic sources, and evaluated the seismic
fragility of existing low-, medium-, and high-rise RC frame structures. Pitilakis et al. [21]
proposed a modular approach for a large-scale seismic fragility assessment of existing RC
frame structures, including soil–structure interactions and site amplification effects. Gau-
tam et al. [22] conducted a seismic fragility analysis of RC frame structures with structural
and non-structural components, and found that the global fragility function could be used
for overall loss estimation, but the component level fragility functions could be used to iden-
tify weak links in frame structures. Palagala et al. [23] proposed a quick seismic fragility
assessment technique for existing RC frame structures, providing qualitative and quantita-
tive assessments in a more engineered way. Dalal et al. [24] proposed a performance-based
plastic design method for a seismic fragility analysis of RC frame structures, and found that
the designed frame structure met three performance levels, namely immediate occupancy,
life safety and collapse prevention. Cao et al. [25] proposed a new strengthening method
for existing frames by using external substructures, and conducted incremental dynamic
analysis (IDA) and seismic fragility analysis. The results illustrated that the strengthened
RC frames had a higher bearing capacity and lower structural damage. It could be seen
that the seismic fragility analysis was a relatively effective method for evaluating RC frame
structures, and also contributed to achieving performance-based seismic design goals.

In brief, the finite element analysis was used to simulate the strengthened existing
frame structures. On this basis, the dynamic increment analysis and seismic fragility
analysis were conducted to evaluate its seismic performance and seismic resilience on a
pilot project. The analysis results could be used for performance-based design, and could
provide certain design recommendations.
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2. Basic Information of RC Frame Structures

The basic information of the RC frame structures was introduced before and after
seismic strengthening, including geometric dimensions, reinforcement layout, and load
layout, etc.

2.1. Frame KJ1

The pilot project of seismic strengthening was a four-storey RC frame structure (namely
frame KJ1), as shown in Figure 1. The total area of the frame KJ1 was approximately 1900 m2.
The length was 25.5 m in the east–west direction, and the width was 18.0 m in the north–
south direction. The total height of the frame KJ1 was 14.8 m, and the storey heights from
the ground floor to the top floor were 4.11 m, 3.30 m, 3.30 m and 4.09 m, respectively.
The RC frame structure was located in a seismic precautionary intensity of 8 degrees.
The site class was Class II. The design earthquake group was Group II. Additionally, the
characteristic period value was 0.4 s.
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Figure 1. Scene photos of frame KJ1.

The structural plan layout of frame KJ1 and the cross-sectional dimensions of beams
and columns are depicted in Figure 2.
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Figure 2. Structural plan layout of frame KJ1. (a) Plan layout of the first to the third storey; (b) Plan
layout of the fourth storey; (c) Cross-sectional dimensions of beams and columns.

The plan layout of the line load on the beam, the floor dead load and the floor live
load is presented in Figure 3. The floor uniform load was marked at the center of the
floor. Among them, the number outside the brackets indicated the floor dead load, and the
number inside the brackets indicated the floor live load.
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2.2. Frame KJ2

According to the requirements of first party, it was planned to remove the four frame
columns from the first to the third storey. The interior of the frame KJ1 was changed
to a large space, which resulted in a significant reduction in the lateral stiffness. The
bearing capacity and deformation capacity of the frame structure did not meet the code
requirements. According to the performance-based seismic design method, the original
frame structure was strengthened by the enlarging cross-section method and the external
self-centering substructure to improve the seismic resilience, namely frame KJ2. The self-
centering precast beams were set up on the north–south exterior facades, and the diagonal
braces were set up on the west–east exterior facades. Additionally, the diameter of the
diagonal braces was taken as 50 mm. The structural plan layout of frame KJ2 and the
cross-sectional dimensions of the beams and columns are plotted in Figure 4.

After strengthening the frame KJ1 by the enlarging cross-section method, the floor dead
load increased, while the line load on beam and the floor live load remained unchanged.
The load plan layout of frame KJ2 is depicted in Figure 5.
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3. Establishment and Verification of Finite Element Models

OpenSees (Open System for Earthquake Engineering Simulation) (University of Cali-
fornia, Berkeley, CA, USA) is an open-source seismic engineering numerical simulation
platform with a high computational efficiency and sustainable development rate. Firstly,
the simulated hysteresis curve of one-story one-span frame structures were compared with
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quasi-static test results using the OpenSees version 2.5.0 as the numerical simulation plat-
form. Secondly, the whole finite element models of the frame structures were established,
and the incremental dynamic analysis and the seismic fragility analysis were carried out.

3.1. Finite Element Modelling Methods

The fiber model of OpenSees was chosen to establish the finite element model. Addi-
tionally, the frame beams and columns were simulated by beam–column elements. Con-
crete02 material was used to simulate the concrete in the frame structure and precast beams,
taking into account the tensile strength and changes in loading and unloading stiffness
of the concrete. The constitutive relationship of the core concrete adopted the Mander
model [26] considering the constraint effect of stirrups. The Steel02 material was used for
simulating the normal steel bars, energy-dissipating bars and steel strands in the frame
structures. The steel strand adopted the Truss element to achieve an unbonded effect with
concrete. In addition, it should be noted that the steel02 material can be prestressed, and
the prestress of 250 MPa and 450 MPa was applied to steel strands in the self-centering
precast beam and diagonal braces, respectively.

The connection part between the precast beam and the frame structure was a challeng-
ing part of the numerical simulation. The precast beams could be rotated in their plane.
Additionally, the connection of the precast beam and the frame structure relied on steel
strands and energy-dissipating bars. The ZeroLengthSection was set at the connection
and given the ENT (Elastic-No Tension) material. Moreover, energy-dissipating bars were
placed in the ZeroLengthSection. Considering the deformation compatibility between the
precast beam and the frame structure during the loading process, the multi-point constraint
(equalDOF) command was used to constrain the degrees of freedom for the nodes. Three
nodes were constrained to the same position. Node 3 was the frame joint, and Node 2 was
the end of the steel strand. The degrees of freedom for Node 2 and Node 3 were exactly the
same. Node 1 was the end of the self-centering precast beam, and could rotate in the plane.
The specific modelling method of self-centering precast beams is shown in Figure 6.
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3.2. One-Story One-Span Frame Structures

In order to verify the finite element modeling method, the quasi-static test results of
one-story, one-span frame structures were compared with the finite element simulation results.

3.2.1. Test Overview

The schematic diagrams and cross-section reinforcement of one-story, one-span frame
structures are plotted in Figure 7, and detailed information refers to references [27,28].
K1 and K2 represented two frame structures of different beam spans strengthened with
diagonal braces and self-centering precast beams, respectively. The final number 1 indicated
the original frame structure, and number 2 indicated the strengthened frame structure. The
column height was 2400 mm, and the cross-sectional dimensions of columns for K1-1 and
K2-1 were 270 × 270 mm. The beam spans of K1-1 and K2-1 were 3600 mm and 3060 mm,
respectively. The beam heights of K1-1 and K2-1 were 360 mm and 306 mm, respectively.
Additionally, the beam widths of K1-1 and K2-1 were 150 mm. Compared with K1-1, K1-2
was strengthened by the enlarging cross-section method and setting the diagonal braces,
and the cross-sectional dimensions of columns for K1-2 were 390 × 390 mm. Compared
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with K2-1, K2-2 was strengthened by the enlarging cross-section method and setting the
self-centering precast beam. The cross-sectional dimensions of columns for K2-2 were
390 × 480 mm. The beam heights of K1-2 and K2-2 were 480 mm, and the beam widths of
K1-2 and K2-2 were 270 mm.
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For K1-2, the bottom of steel strands was the fixed end, and the top of steel strands
was the tensioned end. Among them, the tensioned end used wedge-type anchorage, and
the fixed end used extruding anchorage, as displayed in Figure 8a. For K2-2, both ends of
steel strands were simultaneously tensioned before the test, as depicted in Figure 8b. The
energy-dissipating bars were tapped and then fixed with nuts.

The origin concrete strength grade of K1-1 and K2-1 was C20, and the post-cast
concrete strength grade of enlarging cross-section was C40. The mechanical performance
index of concrete is presented in Table 1, and the mechanical performance index of steel is
listed in Table 2.
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Table 1. Mechanical performance index of concrete.

Concrete Strength Grade f cu/MPa Ec/(×104 N/mm2)

C20 25.0 2.80
C40 39.3 3.25

Table 2. Mechanical performance index of steel.

Steel Type f y/MPa Es/(×105 N/mm2)

A6 293 2.05
A8 298 2.05
C12 497 2.01
C14 443 2.01
C18 459 2.00

As12.5 1680 1.95

3.2.2. Model Establishment of One-Story One-Span Frame Structures

Based on the quasi-static test, the above modelling method was adopted. According
to the actual cross-sectional size and reinforcement information, finite element models of
one-story one-span frame structures were established, as illustrated in Figure 9.
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3.2.3. Model Verification of One-Story One-Span Frame Structures

The hysteresis curves of the test and simulation are plotted in Figure 10. It could
be seen that the test results were generally in good agreement with the finite element
simulation results. All errors were within 20%, confirming the rationality and reliability of
the modelling method.
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Figure 10. Comparisons of test and simulation results for one-story one-span frame structures.
(a) K1-1; (b) K1-2; (c) K2-1; (d) K2-2.

3.3. RC Frame Structures

According to finite element simulation of one-story, one-span frame structures, the
finite element models of four-storey frame structures were established, and the correctness
of the finite element models was verified.

3.3.1. Model Establishment of RC Frame Structures

According to the actual size and load plan layout of RC frame structures, finite element
models were established, as displayed in Figure 11.
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Figure 11. Finite element models of RC frame structures. (a) KJ1; (b) KJ2.

3.3.2. Verification of RC Frame Structures

The finite element models of the RC frame structures were established by YJK and
OpenSees, respectively. The modal analysis of the RC frame structures was conducted to
compare the natural vibration periods of the first three modes to verify the rationality of
the finite element modelling method. The comparison of the natural vibration periods
is exhibited in Table 3. The results showed that the natural vibration periods of the first
three modes were basically similar. The errors were less than 20%, which indicated that the
model’s establishment of the frame structures was reasonable within this paper.
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Table 3. Comparison of natural vibration periods.

Frame Number Calculation Software T1/s T2/s T3/s

KJ1
YJK 1.159 1.143 1.015

OpenSees 0.966 0.954 0.869

KJ2
YJK 0.511 0.443 0.382

OpenSees 0.498 0.487 0.389

4. Earthquake Ground Motion Input

Twenty earthquake ground motion records were selected according to the natural
vibration period, damping ratio, site characteristic period, site class and design earthquake
groups, etc. Detailed information of earthquake ground motion records is summarized
in Table 4. The response spectrum analysis of earthquake ground motion records was
conducted as plotted in Figure 12. Additionally, the average response spectrum was
compared with the standard response spectrum of a seismic precautionary intensity of 8
degrees. The error between each earthquake response spectrum and the standard response
spectrum was within 20% near the first period of frame structures.

Table 4. Earthquake ground motion records.

No. Database Code Year Magnitude PGA/Gal Duration
Time/s Time Interval/s

1 NGA_no_40_A-SON033 1968 6.63 40.252 39.995 0.005
2 NGA_no_366_H-VC6090 1983 6.36 74.745 39.990 0.010
3 NGA_no_1010_5082A-325 1994 6.69 247.560 55.325 0.005
4 NGA_no_1184_CHY010-W 1999 7.62 222.011 131.996 0.004
5 NGA_no_2676_TTN024-V 1999 6.20 4.225 34.995 0.005
6 NGA_no_2721_CHY057-N 1999 6.20 24.109 49.995 0.005
7 NGA_no_2787_HWA039-V 1999 6.20 15.959 48.995 0.005
8 NGA_no_2914_TTN018-N 1999 6.20 10.057 42.995 0.005
9 NGA_no_3160_TCU014-N 1999 6.20 14.362 61.990 0.005

10 NGA_no_3291_CHY061-N 1999 6.30 27.555 50.990 0.005
11 NGA_no_3454_TCU046-N 1999 6.30 25.643 47.945 0.005
12 NGA_no_3485_TCU095-V 1999 6.30 16.870 66.995 0.005
13 000538ZA 1992 5.48 18.031 33.140 0.010
14 001967YA 1985 5.50 8.349 13.080 0.010
15 006968ZA 1999 6.20 3.267 33.780 0.010
16 AKT016908222_M 2017 - 95.404 95.000 0.020
17 AKT0130807240026NS 2008 6.80 23.963 174.000 0.010
18 AKTH01618222_M 2019 - 44.269 204.000 0.020
19 AKTH02311144_M 2011 - 70.392 300.000 0.020
20 SZO0190908110507EW 2009 6.50 96.006 138.000 0.010

Buildings 2023, 13, x FOR PEER REVIEW 11 of 19 
 

0 1 2 3 4 5 6
0.0

0.2

0.4

0.6

0.8

1.0

Sa
(g

)

T(s)

 Standard response spectrum
 Average response spectrum

 
Figure 12. Response spectrum analysis of earthquake ground motion records. 

5. Incremental Dynamic Analysis of RC Frame Structures 
Incremental dynamic analysis (IDA) [29] is a parameter analysis method that com-

prehensively evaluates the performance level of frame structures under earthquake ac-
tion. Besides, the IDA curve better reflects the evolution process of the structures from 
intact to failure. The specific operation process is that several earthquake ground motion 
records are applied to the structure model, and then each earthquake ground motion rec-
ord is scaled to several intensity levels, finally obtaining a series of response curves. The 
peak ground acceleration (aPG) was selected as the intensity measure (IM), and the maxi-
mum inter-story drift (θmax) was selected as the damage measure (DM). The peak ground 
acceleration underwent a total of 34 amplitude modulations during the IDA. The ampli-
tude modulation increments of 0.1~1.0 g were 0.1 g; the amplitude modulation increments 
of 1.2~5.0 g were 0.2 g; and the amplitude modulation increments of 5.5~7.0 g were 0.5 g. 
In order to reduce the computational complexity and reflect various performance points 
on the IDA curves based on different seismic demand parameters, the ultimate state of 
IDA analysis was the point where the structure reached dynamic instability, the nonlinear 
time history analysis did not converge, the maximum inter-story drift reached 10%, or the 
slope reached the initial slope of 20% in the IDA curve. Additionally, the point with the 
smallest value was selected as the ultimate state of collapse. 

Taking the No. 1 earthquake ground motion record as an example, the maximum 
inter-story drift, the residual inter-story drift, and IDA were carried out. Then, twenty 
earthquake ground motion records were input, and IDA curves and fractile curves were 
obtained through statistical analysis. The calculation results and analyses were as follows. 

5.1. Distribution Diagram of Maximum Inter-Story Drifts 
FEMA 356 [30] defines three performance points of the maximum inter-story drift 

(θmax). Under different performance states, the reference value CΔ of the maximum inter-
story drift is exhibited in Table 5. 

Table 5. Reference value CΔ of θmax under different performance states. 

Performance States 
Immediate Occupancy 

(IO) 
Life Safe 

(LS) 
Collapse Prevention 

(CP) 
θmax 1/100 1/50 1/25 

The distribution diagrams of the maximum inter-story drift are obtained by ampli-
tude modulation, as shown in Figure 13. The frame numbers of x and y represent earth-
quakes in the x and y direction, respectively. The maximum inter-story drift of each storey 
increased with increasing the peak ground acceleration. The maximum inter-story drift of 
frame KJ1 decreased as the storeys increased. Additionally, the maximum inter-story drift 
occurred in the first storey under different peak ground accelerations, which applied to 
the soft storey of the frame structures. Frame KJ2 adopted the enlarging cross-section 

Figure 12. Response spectrum analysis of earthquake ground motion records.



Buildings 2023, 13, 2117 11 of 19

5. Incremental Dynamic Analysis of RC Frame Structures

Incremental dynamic analysis (IDA) [29] is a parameter analysis method that compre-
hensively evaluates the performance level of frame structures under earthquake action.
Besides, the IDA curve better reflects the evolution process of the structures from intact to
failure. The specific operation process is that several earthquake ground motion records are
applied to the structure model, and then each earthquake ground motion record is scaled
to several intensity levels, finally obtaining a series of response curves. The peak ground
acceleration (aPG) was selected as the intensity measure (IM), and the maximum inter-story
drift (θmax) was selected as the damage measure (DM). The peak ground acceleration
underwent a total of 34 amplitude modulations during the IDA. The amplitude modulation
increments of 0.1~1.0 g were 0.1 g; the amplitude modulation increments of 1.2~5.0 g were
0.2 g; and the amplitude modulation increments of 5.5~7.0 g were 0.5 g. In order to reduce
the computational complexity and reflect various performance points on the IDA curves
based on different seismic demand parameters, the ultimate state of IDA analysis was the
point where the structure reached dynamic instability, the nonlinear time history analysis
did not converge, the maximum inter-story drift reached 10%, or the slope reached the
initial slope of 20% in the IDA curve. Additionally, the point with the smallest value was
selected as the ultimate state of collapse.

Taking the No. 1 earthquake ground motion record as an example, the maximum
inter-story drift, the residual inter-story drift, and IDA were carried out. Then, twenty
earthquake ground motion records were input, and IDA curves and fractile curves were
obtained through statistical analysis. The calculation results and analyses were as follows.

5.1. Distribution Diagram of Maximum Inter-Story Drifts

FEMA 356 [30] defines three performance points of the maximum inter-story drift
(θmax). Under different performance states, the reference value C∆ of the maximum inter-
story drift is exhibited in Table 5.

Table 5. Reference value C∆ of θmax under different performance states.

Performance States Immediate
Occupancy (IO) Life Safe (LS) Collapse Prevention (CP)

θmax 1/100 1/50 1/25

The distribution diagrams of the maximum inter-story drift are obtained by amplitude
modulation, as shown in Figure 13. The frame numbers of x and y represent earthquakes in
the x and y direction, respectively. The maximum inter-story drift of each storey increased
with increasing the peak ground acceleration. The maximum inter-story drift of frame KJ1
decreased as the storeys increased. Additionally, the maximum inter-story drift occurred in
the first storey under different peak ground accelerations, which applied to the soft storey
of the frame structures. Frame KJ2 adopted the enlarging cross-section method and set
cross braces in the x direction; the maximum inter-story drift moved upwards, and the soft
storey was transferred to the second or the third storey. However, the soft storey was still
the first storey in the y direction. The maximum inter-story drift of frame KJ1 satisfied the
IO state at 0.2 g; the LS state at 0.4 g; and the CP state near 0.8 g. The maximum inter-story
drift of frame KJ2 satisfied the IO state at 0.4 g; the LS state near 0.8 g; and the CP state near
1.8 g. Besides, compared to frame KJ1, the maximum inter-story drift of frame KJ2 was
significantly reduced under the same the peak ground acceleration. Additionally, the effect
of the enlarging cross-section method and setting the cross braces was more significant.
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Figure 13. Distribution diagram of maximum inter-story drifts. (a) KJ1-x; (b) KJ2-x; (c) KJ1-y;
(d) KJ2-y.

5.2. Distribution Diagram of Residual Inter-Story Drifts

FEMA 356 [30] defines four performance points for the residual inter-story drift (θR)
and gives the reference value C∆ for θR in different performance states. In this paper, three
performance points were selected for analysis, as shown in Table 6. Among them, DS1
corresponded to the minor repair state; DS2 corresponded to the major repair state; and
DS3 corresponded to the collapse state.

Table 6. Reference value C∆ of θR under different performance states.

Performance States DS1 DS2 DS3

θR 1/500 1/200 1/100

The distribution diagrams of the residual inter-story drift are obtained via amplitude
modulation, as plotted in Figure 14. The residual inter-story drift of the frame structures
decreased with the increase in storeys, and the maximum residual inter-story drift occurred
on the first storey under different peak ground accelerations. The residual inter-story drift
of the frame structures increased with the increase in the peak ground acceleration. Frame
KJ1 reached the DS1 state at 0.4–0.5 g, DS2 state at 0.5–0.7 g, and DS3 state at 0.7–0.9 g;
Additionally, frame KJ2 reached the DS1 state at 1.8 g under the x-direction earthquake;
however, frame KJ2 reached the DS1 state at 1.0 g, DS2 state at 1.6 g, and DS3 state at 1.8 g
under the influence of the y direction earthquake. Compared with frame KJ1, the residual
inter-story drift of frame KJ2 was significantly reduced, and the seismic performance and
seismic resilience were significantly improved under the same peak ground acceleration.
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5.3. Incremental Dynamic Analysis

Under the action of the No. 1 earthquake ground motion record, the incremental
dynamic analysis of the frame structures was carried out before and after strengthening,
as illustrated in Figure 15. When aPG was small, the initial stage of the IDA curve showed
approximately linear growth, indicating that the structures were in an elastic state. As aPG
increased, the slope of the IDA curve gradually decreased, indicating that the structures
were in an elastic–plastic state.
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Figure 15. IDA curve diagram of the No. 1 earthquake ground motion record. (a) x-direction
earthquakes (b) y-direction earthquakes.



Buildings 2023, 13, 2117 14 of 19

IDA curves and their summary fractile curves are depicted in Figure 16 under the
action of twenty earthquake ground motion records. Statistical analysis was conducted
according to θmax, and the median and logarithmic standard deviation of θmax were calcu-
lated. Thus, fractile curves of 16%, 50%, and 84% were obtained. It could be seen that (1) the
shape of IDA curves was different. The curves had characteristics of “excessive softening”,
“excessive hardening”, and “fluctuation”. The IDA curve could comprehensively reflect the
possible seismic responses of frame structures under different intensity levels. (2) Under the
same earthquake direction, the difference between the mean values of θmax was significant
for frames KJ1 and KJ2. The IDA curve of frame KJ2 showed overall data points moving
to the left, which indicated that the seismic performance of the existing frame structure
could be significantly improved by the enlarging cross-section method and the external
self-centering substructure.
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Figure 16. IDA curves and fractile curves. (a) KJ1-x; (b) KJ2-x; (c) KJ1-y; (d) KJ2-y.

6. Seismic Fragility Analysis of RC Frame Structures
6.1. Probabilistic Seismic Demand Models

The median value of the seismic demand capacity D and the peak ground acceleration
aPG follow an exponential relationship [31], as shown in Equation (1):

D = αaβ
PG (1)

Both sides of the equation take the natural logarithm at the same time. Linear regres-
sion was conducted using mathematical software. Additionally, the probabilistic seismic
demand model curve of frame structures was obtained (as displayed in Figure 17), as given
in Equation (2):
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ln D= lnα + β ln aPG (2)

where lnα and β are the coefficient of statistical regression after a large number of incre-
mental dynamic analyses.
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The standard deviation βd of the logarithmic normal distribution function for the
seismic demand capacity is presented in Equation (3):

βd =

√
∑N

i=1 [ln Di − ln D]

N − 2
(3)

where N is the number of data points for the regression analysis, and Di is the result of the
time history analysis (i = 1, 2, . . ., N).

It could be seen from Figure 17 that the curve of the probabilistic seismic demand
model was approximately linear, the logarithmic standard deviation of the seismic demand
parameter βd was approximately 0.2, and the fitting effect was good.

6.2. Seismic Fragility Curve of Frame Structures

After obtaining the probabilistic seismic demand model, the total probability method is
used to calculate the exceedance probability of the frame structures under each performance
state. The formula is given in Equation (4) [32]:
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Pf = Φ

 ln
[
α(PGA)β/C∆

]
√

β2
c + β2

d

 (4)

where βc is the logarithmic standard deviation of the seismic capacity of the frame struc-
tures, and the uncertainty was not considered.

The seismic fragility curves of the frame structures are plotted in Figure 18. It is
apparent from Figure 18 that the exceedance probability of each performance level truly
reflects the seismic performance level of frame structures under different peak ground
accelerations. (1) The development law of the seismic fragility curve is similar, and the
overall curve is S-shaped; (2) when the peak ground acceleration is relatively low, the frame
structure is approximately intact, or undergoes slight damage, and the fragility curves
basically overlap under different performance states; (3) as the peak ground acceleration
increases, the elastic–plastic deformation of the frame structures fully develops, and the
slope of the curve firstly increases and then decreases. The performance level of the
frame structures gradually develops from immediate occupancy to collapse; (4) compared
with frame KJ1, the exceedance probability of frame KJ2 decreases significantly at various
performance levels under the same peak ground acceleration, especially under the action
of the earthquake in the x direction. The exceedance probability of frame KJ2 in the IO state
and LS state is even lower than that of frame KJ1 in the LS state and CP state.
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A comparison of failure states is illustrated in Figure 19. As an example of the analysis,
the failure state of the frame structures is compared under the action of the earthquake
in the x direction. Comparing Figure 19a,b, it can be seen that when aPG is 0.2 g, the
exceedance probability of the IO state for frame KJ2 increases from 86.9% to 100.0%. When
aPG is 0.4 g, the exceedance probability of the IO state increases from 0.9% to 96.9%. When
aPG is 0.6 g, the exceedance probability of the IO state increases from 0.0% to 30.4%; the
exceedance probability of the LS state increases from 19.8% to 69.6%; and the exceedance
probability of the CP state decreases from 79.9% to 0.0%. When aPG is 1.0 g, the exceedance
probability of the LS state increases from 0.0% to 77.4%; the exceedance probability of the
CP state decreases from 55.6% to 22.6%; and the exceedance probability of the collapse state
decreases from 44.4% to 0.0%. When aPG is 2.0 g, the exceedance probability of the CP state
increases from 0.0% to 82.8%, and the exceedance probability of the collapse state decreases
from 100.0% to 17.2%. It is evident that the exceedance probability of the frame structures
is significantly reduced, and the safety margin is greatly increased.
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7. Conclusions

Finite element models of one-story one-span frame structures and four-storey frame
structures were established using OpenSees finite element platform. The seismic response
laws of the frame structures were analyzed under twenty earthquake ground motion
records. Additionally, the seismic fragility analysis of the frame structures was conducted.
The main conclusions are as follows:

(1) The proposed modeling method was reasonable, and the error between the experiment
results and finite element simulation results was small;

(2) Under the same peak ground acceleration, the maximum inter-story drift of frame
KJ1 decreased with the increase in storeys. However, the maximum inter-story drift
of frame KJ2 moved upwards, and was significantly reduced;

(3) When the peak ground acceleration was small, the IDA curves showed a linear
increase. As the peak ground acceleration increased, the slope of the IDA curves
gradually decreased;

(4) Based on the results of IDA, the probabilistic seismic demand model curve was fitted,
and the fitting effect was good;

(5) When the same peak ground acceleration was applied to the frame structures, the
exceedance probability of frame KJ2 was significantly lower than that of frame KJ1 at
various performance levels.
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