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Abstract: In order to understand the seismic damage assessment of reinforced concrete column
members, the coupling relationship between the capacity degradation and the accumulated hysteretic
energy and the displacement history was considered. The energy-based damage index under the
random variable amplitude loading history was proposed. On the basis of preliminary research, the
corresponding relationship between the damage index and the construction member parameters
and seismic parameters was established, the damage mechanism was analyzed according to the
damage index, and then the performance-based design process was proposed. It was found that
increase in the stirrup ratio can slow down the damage, and the slowing effect was initially fast and
then slows. When the reinforcement ratio is doubled, the damage index decreased by 0.063. The
longer the earthquake duration was, the more serious the damage was, and this phenomenon was
more obvious when the ductility coefficient was larger. With the increase in the ductility coefficient,
the damage continuously increased. Therefore, it is an effective way to decrease the damage by
controlling the ductility coefficient. Among all the influencing factors, the fundamental period and
seismic intensity contributed more significantly to the damage indicators. When the damage index
(performance objective) was determined, the target stirrup ratio can be obtained according to the
proposed performance design process, that is, this design process can be used in the performance-
based design. The design method based on damage index can make up for the deficiency that the
design method based on the ductility coefficient does not consider the earthquake duration.

Keywords: reinforced concrete column; safety assessment; random variable; damage index; damage
mechanism

1. Introduction

In the performance-based design process, the structural safety assessment targets
should be quantified according to the damage index [1–3]. A reasonable damage index
not only reflects the damage caused by the three elements of the earthquake (amplitude,
frequency spectrum, and earthquake duration) [4–7], but also establishes a correspond-
ing relationship with the construction member parameters to improve the mechanical
properties of the structure [8]. The existing damage index can be classified into three
aspects: (a) degradation-based damage index; (b) deformation-based damage index; and
(c) energy-based damage index.

The degradation-based damage index describes structural damage by using the
changes of structural characteristics, such as stiffness [9], frequency [10], and strength [11].
Although the degradation-based damage index does not directly include the three ele-
ments of the earthquake, it reflects the structural damage caused by the three elements.
Therefore, the degradation-based damage index is applied to describe the structural dam-
age. However, the deficiency of the degradation-based damage index is that it cannot
establish a corresponding relationship with the construction member parameters. The
deformation-based damage index considers that the structure damage is caused by the
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maximum displacement deformation; the ratio of the maximum displacement deformation
to the limit displacement deformation is used to define the damage [12]. The deformation-
based damage index takes the deformation demand as the design target, which can directly
understand the deformation state of the structure under the earthquake actions, but the
disadvantage is that the impact of earthquake duration has not been effectively considered.

There is a lack of correlation between the maximum displacement deformation of the
structure and the earthquake duration [13], but there is a good correlation between the
earthquake duration effect and the accumulated hysteretic energy of the structure under
the earthquake actions [14]. With the intensification of the decay process, the correlation
between the earthquake duration effect and the accumulated hysteretic energy is higher [15].
Therefore, the accumulated hysteretic energy is widely used to express the earthquake
duration effect [16]. The energy-based damage index not only includes the construction
member parameters, but also reflects the effect of the earthquake duration (accumulated
hysteretic energy), which can comprehensively reflect the structural damage caused by the
earthquake actions. Therefore, the energy-based damage index is the main research focus.

In 1985, the damage index with displacement deformation term and accumulated
hysteretic energy term was established by Park and Ang [17,18]. This intuitive expression (a
simplified linear relationship of displacement deformation term and accumulated hysteretic
energy term) is easy to accept, and the Park–Ang damage index establishes a quantitative
relationship with construction member parameters (yield load, reinforcement conditions,
and ductility conditions), which makes it possible to reverse design based on damage
targets. Therefore, this damage index has been used to describe damage by many scholars,
but the simplification in form cannot truly reflect the damage mechanism. Despina and
Jason et al. [19,20] found that the influence of ultimate deformation capacity of RC columns
was mainly due to the plastic cumulative damage of longitudinal reinforcements and
stirrups. Feng et al. [21] found that the ultimate deformation capacity was related to the
accumulated hysteretic energy, while Liu et al. [15] found that the earlier the maximum
displacement occurs during the loading process, the greater the accumulated hysteretic
energy damage of the structure. It can be seen that there is a coupling relationship between
the accumulated hysteretic energy term and the displacement deformation term. In order to
maintain the simple linear relation of the Park–Ang damage index, the coupling relationship
between the accumulated hysteretic energy term and the displacement deformation term
is determined by the β factor. However, the solution of the β factor is not based on the
analysis of the coupling relation. Therefore, the energy-based damage index needs to be
further studied.

The capacity degradation of reinforced concrete column members was studied [15],
and the energy-based damage index under random variable amplitude loading history was
proposed [22]. On the basis of this preliminary research, in this study, the corresponding
relationship between the damage index and the construction member parameters and the
seismic parameters was established, and the damage mechanism was analyzed according
to the damage index, and then the performance-based design process is proposed.

2. Energy-Based Damage Index
2.1. The Proposed Energy-Based Damage Index

The random variable amplitude loading history was applied to the reinforced concrete
column members with different reinforcement levels, the causes of capability degradation
were studied, and the energy-based damage index Dk was proposed [22], as follows:

Dk = [Ak(1 − e−0.47Bknk )]
0.09

(1)

with
Ak = 0.62µe

0.2 (2)

Bk =
3.64ρsv

−0.13

(1 + µe)
5.63ρsv0.09 (3)
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µe =
0.1H

uy
(4)

nk =
EC

0.5Fyuy
(5)

where the parameter Ak is the peak value of damage index Dk, the parameter Bk is the
energy dissipation requirements of the reinforced concrete column members, µe is the
normalized amplitude, ρsv is the stirrup ratio of densification zone, H is the height of
the member, nk is the normalized accumulated hysteretic energy, EC is the total energy
dissipation, and Fy and uy are the yield load and yield displacement, respectively.

According to Formulas (1)–(5)

Dk = f (H, ρsv, Fy, uy, EC) (6)

It can be found from Formula (6) that the corresponding relationship between the
damage index Dk and the construction member parameters (H, ρsv, Fy, uy) and the total
energy dissipation EC is established.

2.2. Influence of Reinforcement Conditions and Total Energy Dissipation EC on Damage Index Dk

When the section and height of the reinforced concrete column member are deter-
mined, the yield load Fy and the yield displacement uy are related to the longitudinal
reinforcement. Therefore, according to Formula (6), the influence of the stirrup ratio ρsv,
the longitudinal reinforcement (Fy, uy), and the total energy dissipation EC on the damage
index Dk is discussed.

Figure 1 shows the influence of the stirrup ratio ρsv, the longitudinal reinforcement
conditions, and the total energy dissipation EC on the damage index Dk, where the height
of the column member H is 3000 mm. When the longitudinal reinforcement is relatively
small (ρs,small), Fy and uy are taken as 51.50 kN and 11.07 mm, respectively, and when the
longitudinal reinforcement is relatively large (ρs,large), Fy and uy are taken as 89.02 kN and
16.66 mm, respectively [13]. The x-coordinate is the stirrup ratio ρsv, and its range is 0.1% to
3%. The y-coordinate is the total energy dissipation EC, and its range is 0 to 100,000 kN·mm.
The z-coordinate is the damage index Dk, and its range is 0 to 1.
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It can be found from Figure 1, with the increase in the total energy dissipation EC, the
damage index Dk increased monotonically from 0 to 1, that is, a one-to-one correspondence
between the total energy dissipation EC and the damage index Dk can be established. The
increase in the stirrup ratio ρsv can slow down the damage development, and the slowing
process is initially fast and then slows down. The increase in longitudinal reinforcement
can significantly decrease the damage.

In order to further understand the quantitative description of the damage reduction
value caused by the increase in the number of longitudinal reinforcement, the longitudinal
reinforcement ratios of 0.587%, 0.971%, and 1.198% were used to study the quantitative
relationship. According to Reference [15], when the longitudinal reinforcement ratio ρs is
0.587%, Fy and uy are taken as 51.50 kN and 11.07 mm, respectively, when the reinforcement
ratio ρs is 0.971%, Fy and uy are taken as 80.11 kN and 14.39 mm, respectively, and when
the reinforcement ratio ρs is 1.198%, Fy and uy are taken as 89.02 kN and 16.66 mm, respec-
tively. In order to ensure that the total energy dissipation and the maximum displacement
amplitude experienced by the three specimens are the same, the total energy dissipation EC
was set as 100,000 kN·mm, and the nominal amplitude µe was set as 20. The stirrup ratio of
the three specimens was set as 0.402%. The Dk–ρs relationship is shown in Figure 2 and is
essentially linear. A linear formula that passes through the origin was used to fit the data,
from which the Formula (7) can be obtained. According to Formula (7), in the proposed
damage model, when the reinforcement ratio ρs increases by 10 times, the damage index
decreased by 0.063.

Dk = 0.86 − 10.74ρs (7)

Appl. Sci. 2023, 13, 1452 4 of 13 
 

Figure 1. The influence of the stirrup ratio ρsv, the longitudinal reinforcement conditions, and the 
total energy dissipation EC on the damage index Dk. 

It can be found from Figure 1, with the increase in the total energy dissipation EC, the 
damage index Dk increased monotonically from 0 to 1, that is, a one-to-one correspond-
ence between the total energy dissipation EC and the damage index Dk can be established. 
The increase in the stirrup ratio ρsv can slow down the damage development, and the 
slowing process is initially fast and then slows down. The increase in longitudinal rein-
forcement can significantly decrease the damage. 

In order to further understand the quantitative description of the damage reduction 
value caused by the increase in the number of longitudinal reinforcement, the longitudinal 
reinforcement ratios of 0.587%, 0.971%, and 1.198% were used to study the quantitative 
relationship. According to Reference [15], when the longitudinal reinforcement ratio ρs is 
0.587%, Fy and uy are taken as 51.50 kN and 11.07 mm, respectively, when the reinforce-
ment ratio ρs is 0.971%, Fy and uy are taken as 80.11 kN and 14.39 mm, respectively, and 
when the reinforcement ratio ρs is 1.198%, Fy and uy are taken as 89.02 kN and 16.66 mm, 
respectively. In order to ensure that the total energy dissipation and the maximum dis-
placement amplitude experienced by the three specimens are the same, the total energy 
dissipation EC was set as 100,000 kN·mm, and the nominal amplitude μe was set as 20. The 
stirrup ratio of the three specimens was set as 0.402%. The Dk–ρs relationship is shown in 
Figure 2 and is essentially linear. A linear formula that passes through the origin was used 
to fit the data, from which the Formula (7) can be obtained. According to Formula (7), in 
the proposed damage model, when the reinforcement ratio ρs increases by 10 times, the 
damage index decreased by 0.063. 

 

Figure 2. Dk–ρs relationship. 

s74.1086.0 ρ−=kD  (7) 

2.3. Solution Method of the Total Energy Dissipation EC 
In order to guide the seismic design, it is necessary to establish an effective relation-

ship between the seismic design parameters and the energy-based damage index Dk. 
Therefore, the total energy dissipation EC of the single degree-of-freedom structure was 
obtained by Kunnath [23] and Miao [24] as follows: 

n
EmE s

C
3455.0 η=  (8) 

with 

μ
μη

82.0)1(13.1 −=  (9) 

0.0060 0.0075 0.0090 0.0105 0.0120
0.70

0.72

0.74

0.76

0.78

0.80

0.82

s74.1086.0 ρ−=kD

D
k

ρs

Figure 2. Dk–ρs relationship.

2.3. Solution Method of the Total Energy Dissipation EC

In order to guide the seismic design, it is necessary to establish an effective relationship
between the seismic design parameters and the energy-based damage index Dk. Therefore,
the total energy dissipation EC of the single degree-of-freedom structure was obtained by
Kunnath [23] and Miao [24] as follows:

EC =
0.3455mηEs

n
(8)

with

η = 1.13
(µ − 1)0.82

µ
(9)
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Es = 0.5(ψVPG)
2 (10)

ψ =

ψv(
2T
Tg

− ( T
Tg
)

2
) T < Tg

ψv(
T
Tg
)
−γ

T > Tg
(11)

ψv =
0.25APG

VPG

√
tdTg

√
γ + 0.5
2γ + 2

(12)

Tg = 2π
τvVPG

τa APG
(13)

where m is mass of the structure, η is the ductility ratio parameters, Es is the seismic energy
per unit mass in elastic stage, n is the number of reinforced concrete column members, µ is
the ductility coefficient, ψ is the displacement parameter for the input energy, ψv is the peak
displacement parameter, T and Tg represent the fundamental period and the characteristic
period, respectively, γ is the parameter of ground motion (γ = 0.5 for the parameter of
ground motion was used in this paper [25]), td is the earthquake duration, and VPG and
APG represent the peak velocity of ground and the peak acceleration of ground, respectively.
The parameter τv was set to 1.9, and the parameter τa was set to 2.4 [26].

According to Formulas (8)–(13), the total energy dissipation EC of the single degree-of-
freedom structure can be obtained.

EC = h(µ, m, n, T, APG, VPG, td) (14)

It can be found from Formula (14) that the relationship between the total energy
dissipation EC and the ductility coefficient µ, the number of reinforced concrete column
members n, the fundamental period T(m), the seismic intensity (APG and VPG), and the
earthquake duration td is established.

3. Damage Mechanism Analysis Based on Damage Index

Previous studies have shown that the damage index Dk increases monotonically from 0
to 1 with the increase in total energy dissipation EC. Therefore, the total energy dissipation
EC can be used as a carrier to study the relationship between the damage index Dk and
the ductility coefficient µ, the period T(m), the seismic intensity (APG and VPG), and the
earthquake duration td.

Figure 3 shows the influence of the ductility coefficient µ, the period T(m), the seismic
intensity (APG and VPG), and the earthquake duration td on the total energy dissipation EC.
The x-coordinate is the earthquake duration td, and its range is 0 to 30 s. The y-coordinate is
the ductility factor µ, and its range is 1 to 5. The z-coordinate is the total energy dissipation
EC. The variation range of the fundamental period T is 0.1 s~0.7 s. The seismic intensity is
divided into three levels: 6 degrees (0.05 g), 7 degrees (0.1 g), and 8 degrees (0.2 g).

As shown in Figure 3a, the total energy dissipation EC increased with the extended
earthquake duration td, and the larger the ductility coefficient µ, the faster the total energy
dissipation EC increased. With the increase in ductility factor µ, the total energy dissipa-
tion EC increased continuously. Therefore, an effective way to decrease the damage is by
controlling the ductility coefficient. The total energy dissipation EC increased with the
increase in the fundamental period T, and the greater the fundamental period T, the faster
the total energy dissipation EC increased. Similar phenomena can be seen in Figure 3b,c.
Comparing Figure 3a–c, the higher the seismic intensity, the more the total energy dissi-
pation EC increased. Among all the influencing factors, the fundamental period T and
seismic intensity contributed more significantly to the total energy dissipation EC. Since the
damage index Dk increased monotonically with the increase in the total energy dissipation
EC, the influence of the ductility coefficient µ, the period T(m), the seismic intensity (APG
and VPG), and the earthquake duration td on the damage index Dk can be obtained.



Appl. Sci. 2023, 13, 1452 6 of 13Appl. Sci. 2023, 13, 1452 6 of 13 
 

(a) (b) (c) 

Figure 3. The influence of the ductility coefficient μ, the period T(m), the seismic intensity (APG and 
VPG) and the earthquake duration td on the total energy dissipation EC: (a) 6 degrees (0.05 g); (b) 7 
degrees (0.1 g); (c) 8 degrees (0.2 g). 

As shown in Figure 3a, the total energy dissipation EC increased with the extended 
earthquake duration td, and the larger the ductility coefficient μ, the faster the total energy 
dissipation EC increased. With the increase in ductility factor μ, the total energy dissipa-
tion EC increased continuously. Therefore, an effective way to decrease the damage is by 
controlling the ductility coefficient. The total energy dissipation EC increased with the in-
crease in the fundamental period T, and the greater the fundamental period T, the faster 
the total energy dissipation EC increased. Similar phenomena can be seen in Figure 3b,c. 
Comparing Figure 3a–c, the higher the seismic intensity, the more the total energy dissi-
pation EC increased. Among all the influencing factors, the fundamental period T and seis-
mic intensity contributed more significantly to the total energy dissipation EC. Since the 
damage index Dk increased monotonically with the increase in the total energy dissipation 
EC, the influence of the ductility coefficient μ, the period T(m), the seismic intensity (APG 
and VPG), and the earthquake duration td on the damage index Dk can be obtained. 

Substitute Formula (14) into Formula (6) 

),,,,,,,,,,( dPGPGyysv tVATnmμuFρHfDk =  (15) 

In summary, the energy-based damage index Dk showed a corresponding relation-
ship with the height H, stirrup ratio ρsv, longitudinal reinforcement (Fy, uy), ductility coef-
ficient μ, period T(m), number of column members n, seismic intensity (APG and VPG), and 
earthquake duration td. The increase in the stirrup ratio ρsv can slow down the damage, 
and the slowing process is initially fast and then slows. When the reinforcement ratio is 
doubled, the damage index decreased by 0.063. The longer the earthquake duration td is, 
the more serious the damage is, and this phenomenon is more obvious when the ductility 
coefficient μ is larger. With the increase in the ductility coefficient μ, the damage increased 
continuously. Therefore, an effective way to decrease the damage is by controlling the 
ductility coefficient. Among all the influencing factors, the fundamental period T and seis-
mic intensity contributed more significantly to the damage indicators. 

4. Performance-Based Design Process of Reinforced Concrete Column Members 
4.1. Performance-Based Design Process 

Based on the corresponding relationship between the energy-based damage index 
and the seismic parameters (APG, VPG, and td) and the construction member parameters (H, 
ρsv, Fy, u, μ, m, n, T), the performance-based design process is proposed. 

As shown in Figure 4, the seismic design method can be divided into the following 
five steps. 
(1) Elastic design stage 

Figure 3. The influence of the ductility coefficient µ, the period T(m), the seismic intensity (APG

and VPG) and the earthquake duration td on the total energy dissipation EC: (a) 6 degrees (0.05 g);
(b) 7 degrees (0.1 g); (c) 8 degrees (0.2 g).

Substitute Formula (14) into Formula (6)

Dk = f (H, ρsv, Fy, uy, µ, m, n, T, APG, VPG, td) (15)

In summary, the energy-based damage index Dk showed a corresponding relationship
with the height H, stirrup ratio ρsv, longitudinal reinforcement (Fy, uy), ductility coefficient
µ, period T(m), number of column members n, seismic intensity (APG and VPG), and
earthquake duration td. The increase in the stirrup ratio ρsv can slow down the damage,
and the slowing process is initially fast and then slows. When the reinforcement ratio is
doubled, the damage index decreased by 0.063. The longer the earthquake duration td is,
the more serious the damage is, and this phenomenon is more obvious when the ductility
coefficient µ is larger. With the increase in the ductility coefficient µ, the damage increased
continuously. Therefore, an effective way to decrease the damage is by controlling the
ductility coefficient. Among all the influencing factors, the fundamental period T and
seismic intensity contributed more significantly to the damage indicators.

4. Performance-Based Design Process of Reinforced Concrete Column Members
4.1. Performance-Based Design Process

Based on the corresponding relationship between the energy-based damage index and
the seismic parameters (APG, VPG, and td) and the construction member parameters (H, ρsv,
Fy, u, µ, m, n, T), the performance-based design process is proposed.

As shown in Figure 4, the seismic design method can be divided into the following
five steps.

(1) Elastic design stage

The section of the reinforced concrete member was preliminarily selected. The model-
ing tool midas Gen was used to establish the single degree-of-freedom structure model, and
the longitudinal reinforcement ratio of the target member under minor earthquakes was
calculated by midas Gen. The structural fundamental period T was determined according
to the stiffness and the mass of the structure.
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(2) Calculation of the yield load

The yield displacement uy of the target member can be obtained according to the
pushover analysis. According to the yield displacement uy, the material elastic modulus E
and the dimensions, the yield load Fy can be obtained by Formula (16).

Fy =
3EIuy

H3 (16)

Here, E is the material elastic modulus and I is the inertia moment of the section.

(3) Calculation of the ductility coefficient

The maximum displacement value um1 under moderate earthquakes and the maxi-
mum displacement value um2 under major earthquakes can be obtained according to the
pushover analysis. Based on the maximum displacement value um1 and yield displacement
uy, the ductility coefficient µ1 under moderate earthquakes can be obtained by Formula (17).
Similarly, the ductility coefficient µ2 under major earthquakes can be obtained.

µ =
um

uy
(17)

(4) Calculation of the stirrup ratio

By selecting the expected performance target (damage index Dk), the earthquake
duration td and the seismic intensity (APG and VPG), the stirrup ratio ρsv1 under moderate
earthquakes can be obtained according to Formula (15). When the calculated stirrup
ratio cannot meet the expected performance target, the sectional dimensions and the
longitudinal reinforcement need to be readjusted. Similarly, the stirrup ratio ρsv2 under
major earthquakes can be obtained.

(5) Determination of the stirrup ratio

By comparing the stirrup ratio ρsv1 under moderate earthquakes and the stirrup ratio
ρsv2 under major earthquakes, the larger one is set as the final stirrup ratio ρsv.

4.2. Example

The performance-based design process is presented by using a single degree-of-
freedom structure. When the seismic intensity was set to 7 degrees (0.1 g), the peak
acceleration of ground APG under moderate earthquakes was 98 cm/s2, and the peak
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acceleration of ground APG under major earthquakes was 220 cm/s2. When the seismic
intensity was set to 8 degrees (0.2 g), the peak acceleration of ground APG under moder-
ate earthquakes was 196 cm/s2, and the peak acceleration of ground APG under major
earthquakes was 400 cm/s2 [27]. The ratio of the peak velocity of ground VPG to the peak
acceleration of ground APG was 0.15 s [28].

In the example, the fundamental period T was changed by changing the floor load;
the floor loads 40 kN/m2, 60 kN/m2, 80 kN/m2, 100 kN/m2, 120 kN/m2, and 150 kN/m2

were applied. The earthquake durations were set as 5 s, 10 s, 20 s, and 30 s [28]. Figure 5
shows the single degree-of-freedom structure. Table 1 is the design information for the
structure. Table 2 contains the calculation results of the design parameters.
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Table 1. The design information for the structure.

Member
Type

Section Size b × h
(mm × mm)

Height of Column H/
Length of Beam L

(mm)

Strength Grade
of Concrete

Longitudinal
Reinforcement Type Stirrup Type

Column 400 × 400 3000
C30 HRB335 HPB300Beam 200 × 350 3000

Table 2. The calculation results of the design parameters.

Earthquakes T (s) M (kg) µ
APG

(cm/s2)
VPG

(cm/s)
uy

(mm)
Fy

(kN)

7 degrees (0.1 g)

Moderate earthquakes
0.32 18,662 1.46

98 14.7
3 21.33Major earthquakes 220 33

Moderate earthquakes
0.39 26,820.25 1.02

98 14.7
6 42.67Major earthquakes 220 33

Moderate earthquakes
0.44 34,978.5 1.09

98 14.7
6 42.67Major earthquakes 220 33

Moderate earthquakes
0.49 43,136.75 1.22

98 14.7
6 42.67Major earthquakes 220 33

Moderate earthquakes
0.54 51,295.25 1.25

98 14.7
6 42.67Major earthquakes 220 33

Moderate earthquakes
0.6 62,533.5 1.38

98 14.7
6 42.67Major earthquakes 220 33
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Table 2. Cont.

Earthquakes T (s) M (kg) µ
APG

(cm/s2)
VPG

(cm/s)
uy

(mm)
Fy

(kN)

8 degrees (0.2 g)

Moderate earthquakes
0.32 18,662 1.43

196 29.4
6 42.67Major earthquakes 400 60

Moderate earthquakes
0.39 26,820.25 1.26

196 29.4
9 64Major earthquakes 400 60

Moderate earthquakes
0.44 34,978.5 1.36

196 29.4
9 64Major earthquakes 400 60

Moderate earthquakes
0.49 43,136.75 1.46

196 29.4
9 64Major earthquakes 400 60

Moderate earthquakes
0.54 51,295.25 1.21

196 29.4
12 85.33Major earthquakes 400 60

Moderate earthquakes
0.6 62,533.5 1.42

196 29.4
12 85.33Major earthquakes 400 60

It can be found from Reference [22] that when the damage index is greater than 0.8,
the column member is in the collapse state. When the damage index is less than 0.3, the
column member is in the nondamaged state. Therefore, the change of the stirrup ratio is
discussed when the damage index is 0.4, 0.5, 0.6, and 0.7. Since the design information of
the column members are the same, this study only introduces the reinforcement results of
column 1©. The calculation results of the stirrup ratio are shown in Figure 6.
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As shown in Figure 6a, when the earthquake duration td and earthquake intensity
are constant, the increase in the stirrup ratio ρsv can slow down the damage. When the
damage index Dk and seismic intensity are constant, the stirrup ratio ρsv increased with
the increase in earthquake duration td, which indicates that the increase in earthquake
duration td can aggravate the damage development of the construction member. When
the earthquake duration td and damage index Dk are constant, the higher the seismic
intensity, the greater the damage of the construction member. Similar phenomena can be
seen in Figure 6b–f. Comparing Figure 6a–f, when the damage index Dk, the earthquake
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intensity, and the earthquake duration td are constant, the larger the fundamental period T
is and the higher the stirrup ratio is, which indicates that the damage will be aggravated
with an increase in the fundamental period T. It can be seen from Figure 6 that when the
seismic intensity and earthquake duration td are constant, a one-to-one correspondence
between the damage index Dk and the stirrup ratio ρsv was established. Therefore, when
the damage index (performance objective) is determined by the owner, the target stirrup
ratio can be obtained according to Figure 6, that is, this design process can be used in the
performance-based design.

4.3. Comparison between the Design Method Based on Damage Index and the Design Method
Based on Ductility Coefficient

Based on the code for seismic design of buildings [27], when the ductility coefficient
µ ≤ 1, the construction member can be calculated according to linear elasticity, and there is
no residual deformation after the earthquake. When the ductility coefficient 1 < µ ≤ 1.5, the
construction member is slightly damaged after the earthquake and can be used again after
repair. When the ductility coefficient 1.5 < µ ≤ 2, the construction member has medium
damage after the earthquake and can be properly used after taking safety reinforcement
measures. When the ductility coefficient 2 < µ ≤ 5, the construction member is nearly
severely damaged after the earthquake and can be used after major repair. When the
ductility coefficient µ > 5, the construction member is destroyed after the earthquake.
Table 3 shows the performance index limit of the damage index-based design method and
ductility coefficient-based design method [29].

Table 3. The performance index limit of damage index-based design method and ductility coefficient-
based design method.

Intact Mild
Damage

Moderate
Damage

Severe
Damage Destruction

Performance index limit of
damage index 0 < Dk ≤ 0.3 0.3 < Dk ≤ 0.6 0.6 < Dk ≤ 0.7 0.7 < Dk ≤ 0.8 Dk > 0.8

Performance index limit of
ductility coefficient µ ≤ 1 1 < µ ≤ 1.5 1.5 < µ ≤ 2 2 < µ ≤ 5 µ > 5

In order to further study the difference between the design method based on the
damage index versus the design method based on the ductility coefficient, according to
the example (T = 0.49, 8 degrees), the Dk–ρsv–td relationship under different ductility
coefficients is presented in Figure 7. The x-coordinate is the stirrup ratio ρsv, and its range
is 0.1% to 3%. The y-coordinate is the earthquake duration td, and its range is 0 to 40.
The z-coordinate is the damage index Dk, and its range is 0 to 1. When the limit value of
ductility coefficient µ is 1.5, it means that the construction member designed according
to the design method based on the ductility coefficient can ensure mild damage after
an earthquake. When the limit value of the ductility coefficient µ is 2, it means that the
construction member designed according to the design method based on the ductility
coefficient can ensure moderate damage after an earthquake. When the limit value of the
ductility coefficient µ is 5, it means that the construction member designed according to the
design method based on ductility coefficient can ensure severe damage after an earthquake.

As shown in Figure 7a, the increase in stirrup ratio ρsv can slow down the damage
development, and the slowing process is initially fast and then slows. With the increase in
earthquake duration td, the damage index exceeded 0.6 (the performance index limit of
mild damage). It can be seen that with the increase in earthquake duration td, the design
method based on the ductility coefficient cannot meet the expected damage state of the
construction member. However, the design method based on the damage index can make
up for the deficiency where the design method based on the ductility coefficient does not
consider the earthquake duration. Similar phenomena can be seen in Figure 7b,c.
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5. Conclusions

This performance-based design process was confined to reinforced concrete column
members for the single degree-of-freedom structure, which can provide a basis for the
study of performance-based design methods for multiple degree-of-freedom structures.
The main conclusions and suggestions are as follows:

1. The corresponding relationship between the damage index and construction member
parameters and seismic parameters was established.

2. The increase in stirrup ratio can slow down the damage, and the slowing effect was
initially fast and then slow. When the reinforcement is doubled, the damage index
decreased by 0.063.

3. The longer the earthquake duration was, the more serious the damage was, and this
phenomenon was more obvious when the ductility coefficient was larger. With the
increase in the ductility coefficient, the damage increased continuously. Therefore, an
effective way to decrease the damage is by controlling the ductility coefficient. Among
all the influencing factors, the fundamental period and seismic intensity contributed
more significantly to the damage indicators.

4. This design process can be used in the performance-based design of reinforced con-
crete column members.

5. The design method based on the damage index can make up for the deficiency
where the design method based on the ductility coefficient does not consider the
earthquake duration.
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