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Abstract

Conventional concrete frames are designed to dissipate the earthquake energy through
inelastic deformation of the structural elements. It leads to hefty repairment costs and pro-
longed down time after earthquakes. Self-centering concrete frames (SCCF) have been
introduced to minimize the unrecoverable structural damages and post-earthquake repair-
ment costs. SCCF exhibits predictable yield mechanism and self-centering capacity. This
paper presents an energy-based seismic design (EBSD) procedure for SCCFs. Based on
a proposed damage model, hysteretic energy demand, Ey, is introduced as a key design
parameter. The desired damage state and structural deformations can be considered in
design process. EBSD allows designers to select various performance objectives at differ-
ent seismic intensities. A prototype building is designed using the proposed EBSD pro-
cedure. The performance of SCCF designed using EBSD is compared with the same pro-
totype structure designed using direct displacement-based design method (DDBD). The
results show that SCCF has high performance with low residual drift. The performance
of the EBSD designed SCCF exhibits more controlled damage compared with the DDBD
designed SCCF.

Keywords Structural damages - Energy-based seismic design - Self-centering concrete
frame structures - Hysteretic energy demand

1 Introduction

It has been observed in recent earthquakes that conventional systems can be designed to
avoid collapse from strong earthquake shaking through inelastic deformations in struc-
tural members. Such yield mechanism results in hefty repairment costs and prolonged
down time. To improve the structural performance and post-earthquake repairability,

>4 Ying Zhou
yingzhou@tongji.edu.cn

State Key Laboratory of Disaster Reduction in Civil Engineering, Tongji University,
Shanghai 200092, China

International Joint Research Laboratory of Earthquake Engineering, Tongji University,
Shanghai 200092, China

Department of Civil Engineering, University of British Columbia, Vancouver V6T1Z4, Canada

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10518-021-01157-2&domain=pdf

5114 Bulletin of Earthquake Engineering (2021) 19:5113-5137

self-centering structures and components have been conceived. Critical components
equipped with post-tensioned (PT) tendons and energy-dissipation devices have been pro-
posed to enhance the structural performance of existing structures. (Barbagallo et al. 2020;
Wang et al. 2020, 2021; Cai et al. 2021; Xue et al. 2021; Wu et al. 2021;). Meanwhile,
self-centering moment frame structures have been developed (Priestley et al. 1993; Cheok
et al. 1994; EL-Sheikh et al. 1999; El-Sheikh et al. 2000; Korkmaz et al. 2005) to upgrade
aseismic performance of conventional frames. These systems exhibit excellent perfor-
mance, where the structures can be functional immediately or shortly after strong earth-
quake shaking. The self-centering concrete frame (SCCF) originally proposed by Priestley
and Tao (1993) is one such system. SCCF uses PT tendons and yielding components at
the beam-column connections to dissipate earthquake energy and provide the self-center-
ing mechanism. SCCF is commonly designed using the direct displacement-based design
(DDBD) method (Priestley et al. 2002). DDBD focuses on the use of maximum deforma-
tion as the main design parameter to satisfy the strength and deformation requirements.
Unlike conventional concrete frames, SCCF is more sensitive to the cumulative effect and
residual deformation (Zhou et al. 2020a). Hence, it is more rational to utilize an energy-
based design approach for SCCF structures.

Energy-balance concept was first introduced by Housner in the first world conference
on earthquake engineering (Housner et al. 1959). The input energy from earthquakes, Ej,
is mainly dissipated through damping energy, E},, and hysteresis energy, Ey. While the
remaining energy is stored in the system as kinetic energy Ey and elastic strain energy E..
Equation (1). shows the energy-balance concept (Uang et al. 1990).

Ei=Ep+ Ey + Ex + Eg (1)

Many researchers have proposed energy-based design methods for different structural
systems. Akiyama (1985) illustrated a systematic design procedure based on the energy-
balance concept, and it has been implemented in a technological standard for earthquake-
resistant calculation method in Japan since 2005 (2005). Fajfar et al. (1996) proposed the
N2 method and modified Park-Ang model for the design and performance evaluation for
conventional concrete frames. Akbas et al. (2001) conducted statistical analyses to study
energy input and dissipation. Since the study was performed based on small sample set and
a linear distribution of energy dissipation along structural heights was adopted, energy fea-
tures could not be evaluated precisely. Chou et al. (2003) studied the distribution of Ey via
multi-pushover analyses (MPA) method and proposed an energy-based design approach. It
has been proved that the seismic energy is not only related to structural features, but also
ground motion characteristics, including peak values, frequency and duration (Zhou et al.
2019a). Since the MPA method is a static methodology for structure analyses, it cannot
accurately capture the real structural behaviors and responses under seismic actions. Thus,
the applicability of MPA still remains to be discussed. Meanwhile, Yang et al. (2018; 2020)
proposed an equivalent energy design procedure, which allows designers to select vari-
ous performance objectives for different seismic intensities. It enables structures achieve
desired strength and deformation without iterations in the design procedure.

Since the energy-based design procedure specific to self-centering concrete frame struc-
tures is still limited, an energy-based design method to routinely design SCCFs is needed.
Several specific subjects, including the energy spectra, the damage evaluation and the
energy distribution within SCCFs have been investigated in previous researches (Zhou
et al. 2020a, b; Song et al. 2021). In this paper, a newly conceived energy-based seismic
design (EBSD) procedure for SCCF structures is presented. Based on the proposed damage
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model, the hysteretic energy demand Ey is introduced as a key design parameter for SCCFs.
The proposed design procedure considers not only the deformation and energy demands of
SCCFs, but also the desired damage states, which would limit the damage development in
the well-designed structures. In addition, it allows designers to select various performance
objectives for different seismic intensities satisfying with multiple performance levels.

2 Energy-based seismic design procedure

The first step of the proposed EBSD is to determine the E; and Ey for the whole struc-
ture from the design energy spectra. The second step of EBSD is to quantify the hysteretic
energy demand for the critical components Eyy;. Then, Eyy; is converted as a key design
index. The last step of EBSD is to select the critical design parameters, including the maxi-
mum deformation 6, the recoverable deformation 6,, the ultimate deformation 8, and
damage index DI, to achieve multi-performance objectives.

2.1 Energy-dissipation mechanism for SCCF

Figure 1 shows the yield mechanism of SCCF with typical beam-column joints, known
as hybrid joints (Cheok et al. 1993; ACI 2003). The hybrid joint has: (a) equal moment
strength for top and bottom energy-dissipating mild steels; (b) unbonded PT tendons that
connected the beams to the columns through the centroid of the beam. NIST program
(Cheok et al. 1993) showed that a well-designed hybrid joint has sufficient strength, stiff-
ness and energy-dissipation capacities, while exhibiting great self-centering behaviors
under cyclic loads. The nonlinearity occurred in mild steels can dissipate seismic energy
to protect critical components from sever damages. This leads to stable and controllable
damage development.

2.2 Quantification of E,,

The quantification of energy demands includes determining Ey; and its distribution within
structures. Normally, the energy demand for different systems can be derived from input
energy spectra and hysteretic energy spectra (Zhou et al. 2019a, b). It has been demon-
strated that both the ground motion types and structural features have great effects on
E; (Decanini et al. 1998; Chou et al. 2000; Cruz et al. 2000), while the hysteretic model
should be considered in determining Ey; (Zhou et al. 2019b). Therefore, the applicability
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Fig. 1 Yielding mechanism of SCCF
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of existing energy spectra needs to be considered in the quantification of E; and Ey for
SCCFs. Meanwhile, for implementing the design method into component level, quantifica-
tion of the energy demands for critical components Ey; are needed after determining Ey; for
the whole system.

2.2.1 Energy spectra

Zhou et al. (2020b) proposed a practical design energy spectrum for self-centering sys-
tems. The proposed energy spectra are applicable to different site class stipulated in the
Chinese code (2016) and can consider the influences of ground motion types and structural
characteristics.

Equivalent velocity, Ve, as shown in Eq. (2), is adopted as the input energy per unit mass
of structures (Zhou et al. 2020b):

Ve=/ 21 @
m
where m represents the mass of the system.

Figure 2 shows the flag-shaped hysteretic model adopted in the study to model seis-
mic responses of self-centering systems (Zhou et al. 2020b). M, and 6, represent the yield
strength and deformation, respectively. K represents the initial stiffness, a represents the
post-yield stiffness ratio, 5 represents the ratio of the yield strength. 8, represents the maxi-
mum deformation. The ductility factor 4, which defined as Hu/Hy, was adopted to define the
nonlinear behaviors of systems and to construct the constant-ductility spectra.

In order to predict Ve of different systems, a benchmark model with #=0.4, £=0.02,
u=2 and a=0.2 is adopted in the study, where £ is the damping ratio. Design spectrum of
the benchmark model is denoted as Vey . .hmari- The design spectrum of target systems with
different 5, £, u and a can be constructed based on Vey ., mai- The proposed design spectra
are divided into three portions as a function of the vibration period. Figure 3 illustrates the
construction of design spectrum for the benchmark model (Zhou et al. 2020b).

Fig.2 Flag-shaped hysteretic
model M

akK
M nM,
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Fig.3 Construction of design
spectra for Veyencnmark [ Vebenchmark = Vebenchmark,max ]

14
= N
Vebenchmark - Vebenchmark,max ( T j }

T
\[Vebenchmark = Vebenchmark,max ' [_

Tl T T T2 ;—‘ T T

3

Where Ve chmark, max 1 the peak value of the design spectrum; T, T, are characteristic
periods related to ground motion types; y is the fitting parameter.

It has been demonstrated that input energy spectra closely relate to ground motion fea-
tures (Zhou et al. 2019a; Zhou et al. 2020b). According to the Chinese code (2016), ground
motions are divided into 12 types according to site types (I~IV) and design groups (1 ~3).
Site types are classified based on the shear wave velocity of soil, while design groups
are defined by characteristic period. Detailed information can be obtained from the code
(2016). Figure 4 illustrates Ve pmark cOrresponding to different site types and design
groups constructed according to Fig. 3 (Zhou et al. 2020b).

Figure 5 illustrates the design input energy spectrum for self-centering systems with dif-
ferent structural features and seismic intensities. It is constructed based on the Ve, mark
presented in Figs. 3 and 4. 7, p, ¢ and A are the corresponding correction factors related to
structural features. detailed information of z, p, @ and A can be derived from the reference
(Zhou et al. 2020b). Results showed that the proposed procedure can reasonably predict the
input energy for self-centering systems (Zhou et al. 2020b). E; of the system can be derived
from Eq. (2).

As for Eyy, Zhou et al. (2020b) proposed E/E; spectra to determine the hysteretic energy
demand Ey for self-centering systems. Equation (3) gives the method to calculate the target
Ey / E; spectrum. The results show that the proposed Ey / E; spectrum can give a reliable
estimation of Ey / E; for self-centering systems. Ey of the target system can be derived
from the Ey; / E; spectrum. Detailed information can be obtained from the reference.

(Eq/E;) ey = 0350 I Iy (3a)
Il =575- ‘,;:0.28 . ’71‘06+O417‘1n(1§—0.0087) (3b)
[2 — (0014 + 008}1) . 5—0.56—0452'023'7 (3C)
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Table 1 Fitting results for
distribution of Ey

Table 2 Fitting results for
EHn,joint / EH. joint_all

Ail

Ai2

A,y = 1399 — 0.002¢ 755

Ay, =5.543 = 2.058n + 0.129n

Aqy = 2.002 — 1428.335¢ o7
Ay = —1.046 + 10.866¢™ T

Ay, =0.021 + 15.410¢" 200
Ay, = —1.259 — 158.602¢ w6t
Ay =2.009 + 193.117¢ 5%
Ay = —0.286 — 53.294¢ 550

Ail

Ai2

Ay, = 0.228 — 0.002¢ =05
Ay, = -0.065 +0.013n

Ay, = —0.839 + 0.00094¢ 5
Ay, = 0.893 — 0.1097

L=A+B-T+C-T* (3d)
A=03540.52-pu—0.06-u° (3e)
B=-0.11-In(u —1.19) (3f)
C =0.02 — 0.04 - 0.80" (32)

2.2.2 Distribution of E in structures

Many theoretical and numerical studies have been conducted to quantify energy distribution
in conventional systems (Bojorquez et al. 2008; Lopez-Barraza et al. 2016; Du et al. 2019;
Tu et al. 2018). Song et al. (2021) evaluated the distribution of Ey in self-centering frame
structures with various structural features and heights. Empirical equations were established
to quantify the hysteretic energy demands for hybrid joints, as shown in Eq. (4) and Table 1.

H. H.
Exijoint/ Entjoint_an = A1 A - PGA)EI + (A +Ay ‘PGA)(ﬁl)z
H, H, “
+ (A +As, -PGA)(E’)3 +(Ay + Ay - PGA)(E’)“

where Ey; join is the hysteretic energy demand of hybrid joints at the i-th floor; Ey join_an
is the energy demand of all hybrid joints; Hi/H is the height of each floor normalized by
the total height of the structure; n is the total number of the floor. Meanwhile, the results
showed that self-centering parameter 4 has non-negligible effects on Ey; j, When
PGA<0.2 g, especially Ey; ;o Of the top floor, denoted as Eyy, join- A modified method
was suggested to estimate Ey, joine / Ep joini_an cOnsidering 4, as shown in Eq. (5) and
Table 2. It has been demonstrated that the proposed approaches can be adopted to quantify
the distribution of Ey; within SCCFs appropriately (Song et al. 2021).

Eynjoint/ Entjoint_an = (A1 + Ay - PGA) + (A5 + Ay, - PGA) - 4 5)
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It should be noted that NZS3101:2006 (2006) uses self-centering parameter A to consider
relations between the self-centering property and the energy-dissipation capacity. It is defined
as the ratio of resisting moment attributed from PT tendons My to that of mild steels Mg, as:

Mpr

A= >10 (6)

S
Normally, A=1~2 is adopted as a key index to design the basic relation between self-
centering and energy-dissipation capacities for SCCFs (Pampanin et al. 2010). However, as
discussed in Sect. 2.2.1 and Fig. 3, 7 is defined as the ratio of the yield strength to represent
the energy-dissipation capacity in the proposed energy spectra, which can be obtained from
Eq. (7a) (Pampanin et al. 2010). In order to switch 4 and # in design procedures, the relation of
A with 5 can be given based on Eq. (6) and Eq. (7a) as:

2Mg

" Mg+ My (72)
2

LR 70)

2.3 Conversion of the hysteretic energy demand as a design parameter

In order to consider the effect of the hysteretic energy demand on the structural performance
and the damage development, it needs to be converted as a design parameter in EBSD. Zhou
et al. (2020a) proposed a damage model composing of structural deformations and the hys-
teretic energy demand of hybrid joints Ey;,, to quantify the damage development in hybrid
joints, as shown in Eq. (8).

6_—20 0
DI, = 9m 0’ =3 ¢ 5 (8a)
u~ Yr u~ Yr
EH'oim
DI, =p— 8b
Ey Myeu ( )
DI = DI, + DI, (8¢)

where Ey;;, represents the hysteretic energy demand of hybrid joints under cyclic loads;
0., and 0, are the maximum and recoverable deformation, respectively; 6, represents the
ultimate deformation under monotonic loads; M, represents the design moment for hybrid
joints, which generally corresponds to the state when PT tendons yield; f represents a non-
negative factor related to energy-dissipation capacity; 6,=6,—0, represents the residual
deformation of the structure. Equation (9) can be used to quantify @, for hybrid joints (El-
Sheikh et al.2000).

Ecc
eu = T : Lcr (9a)
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L., =min{2cp', 0"} (9b)

where ¢ represents the ultimate strain of the confined concrete; ¢ represents the compres-
sion height of the beam; L, represents the length of the plastic hinge developed along the
beam; /' is the coefficient corresponding to the concrete compression height; and b” is the
width of the confined concrete.

Equation (8) can be re-written as:

ﬂEHjoim
BC
0,-96,

' (DI-

(10)

)6,

It can be seen that Eq. (10) converts Ey;, as a design parameter by relating M, with
Eyjoin and the deformation responses. Meanwhile, the structural damage state under certain
seismic intensities can also be considered by selecting desired damage index DI.

As discussed in the reference (Zhou et al. 2020a), 3 closely relates to structural features
and has great effects on the damage evaluation. Zhou et al. (2020a) proposed Eq. (11) to
determine f for hybrid joints.

p =0.0742(1.444p, — 0.935)(0.736 + 0.1711)(0.026f, — 0.213) (11)

where p, represents the stirrup reinforcement ratio at beam ends, f, represents the concrete
strength.

2.4 Determination of critical design parameters

To achieve multi-performance objectives, DI, 6, 6,, and 6, in Eq. (10) need to be quan-
tified corresponding to different requirements. Zhou et al. (2020a) investigated the dam-
age development and suggested damage intervals for hybrid joints, as shown in Table 3.
Compared with damage intervals presented by Park—Ang for conventional concrete struc-
tures (Park et al. 1985), the damage limits corresponding to different damage states are
extended, implying the superiorities in the performance improvement and damage control
of self-centering systems (Zhou et al. 2020a). Meanwhile, it has been demonstrated that
well-designed hybrid joints can limit structural damages within the joint and prevent other
critical components from severe damages.

According to Eq. (10), smaller DI indicates less damages in the hybrid joints, which
results in bigger M,. Designers are free to choose a DI for desired damage states under tar-
get seismic intensity.

The damage development and behaviors of 29 hybrid joints under cyclic loads were
analyzed to investigate deformation indexes (Zhou et al. 2020a). The results showed that

Table 3 Damage intervals for

hybrid joints Damage state Damage interval
No damage [0, 0.1)
Minor damage [0.1,0.3)
Moderate damage [0.3,0.5)
Severe damage [0.5,0.9)
Collapse [0.9,+ o0)
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6. under minor damage states were all less than 0.1%, while 6,, corresponding to a minor
earthquake was suggested based on the Chinese building code (2016) (Zhou et al. 2020a).
According to the study, 6.=0.2% was adopted for DBE to ensure the minor damage
state and structural integrity (Zhou et al. 2020a). Meanwhile, ACI T1.2-03 recommend
6.,=3.5% to ensure the stability of force transferring under MCE (ACI 2003). In addition,
to satisfy with the repairable performance objective for MCE, 6,=0.4% was adopted to
control the damage developed in structures. Zhou et al. (2020a) suggested the damage-
based deformation indexes for hybrid joints, as listed in Table 4, where DBE represents the
design-based earthquake, MCE represents the maximum considered earthquake. Detailed
information can be derived from the reference (Zhou et al. 2020a).

Although 6, 6, are suggested in Table 4, designers can select other values for various
performance objectives based on reliable analyses.

2.5 Determination of design rotations for hybrid joints

Story drift 6; is normally adopted as the design index, which is different from rotations
of hybrid joints 6,. In this case, 8, need to be converted from story drifts 6, in the design
procedure. The method elaborated in PRESSS Design Handbook (2010) is adopted in this
paper to obtain rotations for hybrid joints.

A normalized nonlinear mode deformation &; is adopted to elaborate the deformed
shape at the peak displacement response (Pampanin et al. 2010). For frames higher than
four floors, an inelastic mode deformation is defined by Priestley et al. (2002), as shown in

Eq. (12).
5= 2B (2
=3E)0-%)

The target displacement at the i-th floor can be given as:

A =6 A
i = 1<5_> (13)

Cc

where J, is the normalized displacement of the first floor obtained from Eq. (12); A, is the
displacement of the first floor.

According to the design handbook (2010), the story drift 6, can be divided as the sum of
the yielding drift 6, and the beam rotation ¢, Priestley has noted that for frames utilizing
unbonded post-tensioned tendons (Priestley 2002), 6, can be obtained as:

L
6, = 0.0004(=) (14)
b

where L, and Ay, are the length and height of beams.

Table 4 Performance-based

L Deformation index Minor earth-  DBE MCE
deformation indexes
quake
Maximum deformation (%) 0.18 2 3.5
Residual deformation (%) 0.1 0.2 0.4
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Therefore, the rotation of the hybrid joint 8, can be derived from the following equa-
tion (Pampanin et al. 2010):

0, =0: =0, (152)
0
P
On = & (15b)
L,

where /. is the height of column sections.

Figure 6 presents the flow chart of the EBSD procedure for SCCF proposed in
this paper. The procedure has three steps: determination of design parameters, capac-
ity design for critical components and evaluation of structural performance. It allows
designers to select different performance objectives based on desired damage states and
deformation responses at target seismic intensities.

Determination of structural layout, dimensions
of components and critical design parameters

A, &, petc.)
v

Determination of £} and Ey;
based on design energy spectra

|

|

|

|

|

: 1 Determination of
[Quantiﬁcation of Ey; for ] | | design parameters

|

|

|

|

|

|

|

critical components

Determination of DI, 8, 6, ccording to Table 3
and Table 4;
Determination of design deformation for hybrid
joints according to Eq. (12) ~ Eq. (15);
Determination of 8, according to Eq. (9)

Determination of design moment M, for
hybrid joints according to Eq. (10)

v

[ Capacity design for hybrid joints ]

critical components

I
|
I |2 Capacity design for
|
I

r—-—=-="- - - - N - X
| [Evaluation of seismic capacity ] I} 3 Evaluation of
L I | structural performance

Fig.6 Flow chart for EBSD
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3 Application of EBSD

To demonstrate the applicability of EBSD, the concrete building presented in the PRESSS
Design Handbook (2010) is adopted as the prototype building. A five-story SCCF and an
eight-story SCCF are designed using both the EBSD and DDBD procedures under differ-
ent hazard levels. Seismic performances of the design examples are compared by nonlinear
dynamic analyses.

3.1 Prototype building

The prototype building is assumed to be located in areas where the Site Class is classified
as II according to the Chinese building code (2016). The characteristic period 7,=0.4 s.
Figure 7a shows the plan view of the prototype building. The building includes two types of
seismic force resisting systems: SCCF in the East—West direction and self-centering shear
walls in the North—South direction. In this paper, only the SCCF in the East—West direction

Self-centering Frames

v
c e

en
£7 £7

Q

ER- £5
QO o < D <=
v o wv o n

Self-centering Frames
4@7.5m

(a)Plan view

5@3.8m

4 @7.5m

(b) Elevation view

Fig.7 Geometry of the prototype building
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Table 5 Material properties Material properties

Concrete

Concrete compression strength, f; 40 MPa
Confinement ratio, f, /f, 1.25
Ultimate concrete strain, &, 0.02
Modulus of ealsticity, E, 32000 MPa

Post-tensionend Steel

15.2 mm diameter super strands

Area of tendom, Ap[ 143.3mm?2
Modulus of ealsticity, Ep[ 200000 MPa
Yield stress (0.1% proof stress), fply 1560 MPa
Ultimate stress, fi, 1750 MPa
Mild steel
Modulus of ealsticity, E 195000 MPa
Yield stress, fy 300 MPa
Yield strain, &y 1500pe
Bilinear strain hardening ratio, r 0.80%
Ultimate strain, &, 50000pe
Unconfined concrete 30 mm
Stirrups 12 mm

Table 6 Design rotation for hybrid joints in the five-story structure

Level Design displacement at the Inter-story drift Beam rotation Design rotation of

i-th floor A; (mm) 6,(%) 0, (%) hybrid joints 6, (%)

5 300 1.16 0.70 0.77

4 256 1.37 0.91 1.00

3 204 1.58 1.12 1.23

2 144 1.79 1.33 1.46

1 76 2.00 1.54 1.70

is designed and examined. The elevation view of the frame is presented in Fig. 7b. Dimen-
sions of beams and columns are 400 mm X 650 mm and 700 mm X 700 mm for both EBSD
and DDBD designed structures.

In order to validate the applicability of the proposed design procedure, different hazard
levels are adopted for different design examples. The five-story SCCF is designed assum-
ing the seismic fortification intensity equaling to 7 degree according to the Chinese build-
ing code (2016), while that of the eight-story SCCF is 8 degree. It should be noted that all
material and dimension information are the same for both the five-story and eight-story
design examples.

Table 5 lists the material properties of the prototype building. They are adopted for both
EBSD and DDBD designed structures.

In this paper, the inter-story drift limit is selected as 2% for both design examples in
EBSD and DDBD design procedures. 4 is chosen as 2 to ensure a full re-centering capac-
ity for the system. Design deformations of two SCCFs are given in Tables 6 and 7. They
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Table 7 Design rotation for hybrid joints in the eight-story structure

Level Design displacement at the Inter-story drift Beam rotation Design rotation of
i-th floor A; (mm) 6,(%) 0, (%) hybrid joints 6, (%)
8 471 1.10 0.64 0.70
7 429 1.23 0.77 0.84
6 382 1.35 0.89 0.99
5 331 1.48 1.02 1.13
4 275 1.61 1.15 1.27
3 213 1.74 1.28 1.41
2 147 1.87 1.41 1.56
1 76 2.00 1.54 1.70

are adopted in both the EBSD and DDBD procedures. Design rotations of hybrid joints 6,
at each floor are summarized in Tables 6 and 7. 4; is calculated according to Eq. (12) and
Eq. (13). 6, is calculated based on Eq. (14) and Eq. (15).

3.2 Structure design
3.2.1 Determination of design parameters

According to Sect. 2 and Fig. 1, the design energy spectrum needs to be determined first.
As discussed in Sect. 2.2, the ductility factor y is adopted for defining nonlinear behav-
iors of systems and constructing constant-ductility spectra. Priestley (1999) noted that for
jointed precast systems, superior ductility can be guaranteed compared with traditional
concrete systems. An allowable limit of x=6 can be selected for frame structures. For
both design examples, 6,=0.51% and ¢,=3.4% can be calculated according to Eq. (14),
Eq. (15) and Eq. (9). The resultant u=6.67. Hence, 4 =6 is adopted to construct energy
spectra for both design examples in this case. According to Eq. (7), n=0.67.

Based on the calculated structural features and the proposed design energy spectra
shown in Fig. 5 and Eq. (3), key parameters of the target energy spectra for both the
examples are summarized in Table 8. Design energy spectra can be obtained according

Table 8 Target design energy spectra

Input energy spectrum EH / ET spectrum
Parameter Value Parameter Value
@ 0.936 I 2.01
T 0.887 1, 0.652
P 0.915 I 1.686—
0.17 T+0.013T2
T 0.258
Veyenchmark max (MM/s) 1050
Ve ax (mm/s) (Five-story SCCF) 959
Ve ax (mm/s) (Eight-story SCCF) 1744
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to procedures elaborated in Sect. 2.2.1. Figure 8 present the design energy spectra for
both the five-story and eight-story SCCFs.

Table 9 lists the main energy indexes of the two design examples.

As discussed in Sect. 2.2, results of Eyy; join / En joini_an fOr both the five-story and
eight-story design examples are listed in Tables 10 and 11. In this paper, the maximum
of Eyi joinEn, join_an 18 adopted for hybrid joints at each floor to conservatively design
the structure. Thus Eyy; joind En join_an=0-261 and Ey; ;oin/Ey_ joine_an =0.171 are adopted
for the two design examples, respectively. It has been demonstrated that for self-cen-
tering frames, the energy demand can be equally distributed among hybrid joints at the
same floor (Song et al. 2021). Since there are a total of eight joints per floor, the energy
demand is about 1/8 of all joints at the same floor. Thus, the energy demand of each
hybrid joint is Eyjg;, =72 KN-m in the five-story SCCF, while Ey;q, =109 KN-m in the
eight-story SCCF.

According to Tables 3 and 4, DI=0.5 and §,=0.4% are selected to limit the damage
development for the repairable requirement after seismic actions in both design exam-
ples. The recoverable deformation ,=0.834%.

1000 1.0 2000 1.0
V., .
— s
800 0.8 038
1500
z 600 A\ 06 _ > \ 06
g Lj: g 1000 5:
= 4004 04" & 04"
500
2004 0.2 02
0+ T T T T : 0.0 0 T T T T T 0.0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
T(s) T(s)
(a) Five-story structure (b) Eight-story structure
Fig. 8 Design energy spectra
Table9 Energy indexes Energy indexes Five-story SCCF Eight-story SCCF
E; (KN-m) 4255 9795
Ey (KN-m) 2919 6238
Eyjoin_ant (KN-m) 2199 5122
Table 10 Ey; join / g joint_an for HI/H Epi o
the five-story SCCF ! Hi, joint
0 0
0.2 0.212
0.4 0.261
0.6 0.236
0.8 0.197
1 0.168
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Table 11 EHi,joint / EH, joint_all for

the eight-story SCCF B/H Exi, joint

0 0

0.125 0.121
0.25 0.167
0.375 0.171
0.5 0.156
0.625 0.140
0.75 0.132
0.875 0.129
1 0.125

3.2.2 Capacity design for critical components

Based on Eq. (10), the design moment of hybrid joints can be calculated. Table 12 lists design
moments of both design examples using EBSD and DDBD procedures (Priestley 2002).

Reinforcement design for hybrid joints is performed according to NZS3101 Appendix B
(2006). Detailed reinforcement information for all design examples is presented in Table 13.

My1,;¢—0 responses for a typical hybrid joint can be derived from that contributed by
PT tendons Mpr and mild steels Mg Four performance points, including decompression, MS
yield, PT yield and ultimate limit, can be calculated based on reinforcement properties listed
in Table 13. The procedure elaborated in the PRESSS Design Handbook (2010) is adopted
to calculate corresponding My,.iq, Mpr and M. Table 14 and Fig. 9 summarize the moment-
rotation co-ordinates of the EBSD and DDBD designed hybrid joints for the two design exam-
ples. It can be seen from the table that the EBSD designed structures require higher design
moments than that of the DDBD designed structures. Since the cumulative effect is consid-
ered in the EBSD, bigger design strength shall be needed in the EBSD designed structures to
limit damages developed in structures.

4 Evaluation of seismic performance
4.1 Numerical modeling

Figure 10 shows the modeling of the hybrid joint developed in OpenSees (2000). The hybrid
model was developed using zero-length spring element. ElasticMultilinear material in Open-
Sees was selected to simulate Mp—¢ responses. Steel02 material is adopted to model M¢—6
responses. The hysteretic behavior of hybrid joints can be obtained by combining two materi-
als with parallel command.

A displacement-based fiber element is used to model the column. The length of the ele-
ment, where the plastic hinge formed during earthquakes L., can be calculated according

cr

Table 12 Design moments for

hybrid joints Design moment (KN-m) EBSD DDBD
Five-story SCCF 405.686 342.404
Eight-story SCCF 613.694 532.872
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Table 14 Moment-rotation co-ordinates for hybrid joints

Rotation (%) M, (KN-m) My (KN'm) Mg (KN'm)

DDBD EBSD DDBD EBSD DDBD EBSD DDBD EBSD

Five-story structure ~ Decompression 0 0 0 0 87.5 104 87.5 104
MS yield 0.104 0.105 116 174 210 249 326 422
PT yield 1.234  1.234 129 190 273 318 401 509
Ultimate limit ~ 3.400  3.400 129 190 273 318 401 509
Eight-story structure Decompression 0 0 0 0 153 159 153 159
MS yield 0.115 0.115 206 242 359 375 565 617
PT yield 1.200 1200 221 258 446 460 667 718

Ultimate limit  3.400 3.400 221 258 446 460 667 718

600 DDBD 800 DDBD Mmbnd EBSD
EBSD 'whybmi. EBSD EBSD —
600 nyhnd, DDBD
—_ lwhybnd. DDBD —_
2 400 A g
Z Z Mpr. EBSD
& M, o 2 M, s
= pt. EBSD = 400 4 pt, EBSD
8 Mpl, DDBD| g
£ £
S 2004 if s M, pasp
M, EBSD 200 M, ooup
Mm DDBD
0 T T T 0 T T T
0.00 0.01 0.02 0.03 0.04 0.00 0.01 0.02 0.03 0.04
Rotation Rotation
(a) Five-story structure (b) Eight-story structure

Fig.9 Moment-rotation co-ordinates for hybrid joints

to Eq. (9). Behaviors of mild steels are modeled by Steel02 with CorotTruss elements.
Since mild steels are debonded for a length through the lower part of columns, rigid links
are used to model relative relations between columns and mild steels. Rayleigh damp-
ing model is utilized based on 5% of critical damping ratio to the first and third modes of
models. Table 15 shows the first three modal period of the EBSD and DDBD designed
structures.

The columns and beams are capacity designed to remain elastic, while all the nonlin-
earities are concentrated at the joint zones and at the base of columns at the first floor.
Therefore, only nonlinearities of the joints and column based are modeled, while beams
and columns are constructed with elastic elements. Post-processing has been performed to
guarantee these elements remain elastic after seismic actions.

The experimental data of M-P-Z4 and O-P-Z4 specimens obtained from the NIST pro-
gram (Cheok et al. 1993) are adopted to validate the modeling approaches discussed above.
Four mild steels were installed in M-P-Z4 specimen, while O-P-Z4 specimen had six mild
steels. Detailed information of specimens can be obtained from the reference (Cheok et al.
1993). Figures 11 and 12 present the moment—rotation curves of the tested hybrid joints
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=
iZero-Length Element Elastic Beam-Column Element
‘Rigid Link
Nonlinear Fiberi. Bm
Element \ \
.A m CorotTruss Element
Fig. 10 Numerical model for hybrid joints in OpenSees
Table 15 Modal period of Design example T (s) 1st 2nd 3rd
structures
Five-story SCCF EBSD 1.13 0.64 0.48
DDBD 1.12 0.62 0.48
Eight-story SCCF EBSD 2.01 0.74 0.34
DDBD 2.03 0.78 0.35

from the experimental data and numerical results. It shows that the strength, stiffness and
the flag-shaped hysteretic behavior of hybrid joints with different mild steels under cyclic
loads can be modeled well using the proposed numerical model.

4.2 Ground motions

Table 16 shows the summary of the 22 set far-field ground motions adopted in this study
(FEMA 2009). Each set has 2 ground motion records in different directions. Thus, a total
of 44 ground motion records were used in analyses.

4.3 Structural performance

To compare structural responses DI, 6., and 8, with the design targets, nonlinear dynamic
analyses are conducted on both the EBSD designed structures with 44 ground motions.
According to the Chinese building code (2016), ground motions are scaled as PGA =220
gal for the five-story SCCF and 400 gal for the eight-story SCCF, respectively. The results
of DI, 6., and 6, of all hybrid joints are listed in Table 17.
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Fig. 12 Comparison of the numerical result with the test data of O-P-Z4

In the design procedure, DI=0.5 was selected to limit the damage development for
the repairable requirement after seismic actions. For the five-story SCCF, DI from all
seismic actions is less than 0.5 except for three specific ground motion records, which
satisfies with the repairable limit defined in Table 3. Meanwhile, damages developed in
the eight-story SCCF surpass the repairable limit under only four ground motions. The
mean values of DI under 44 seismic actions are 0.306 and 0.415, respectively. They are
both smaller than the design target. Since the maximum of Ey; join/Ey, joine Was adopted
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Table 16 Detailed information of selected ground motions

No Earthquake Year Station Mw Epicentral (km) PGA (g)
1 Northridge 1994 Beverly Hills-Mulhol 6.7 133 0.52
2 Northridge 1994 Canyon Country-WLC 6.7 26.5 0.48
3 Duzce, Turkey 1999 Bolu 7.1 413 0.82
4 Hector Mine 1999 Hector 7.1 26.5 0.34
5 Imperial Valley 1979 Delta 6.5 33.7 0.35
6 Imperial Valley 1979 El Centro Array #11 6.5 29.4 0.38
7 Kobe, Japan 1995 Nishi-Akashi 6.9 8.7 0.51
8 Kobe, Japan 1995 Shin-Osaka 6.9 46 0.24
9 Kocaeli, Turkey 1999 Duzce 7.5 98.2 0.36
10 Kocaeli, Turkey 1999 Arcelik 7.5 53.7 0.22
11 Landers 1992 Yermo Fire Station 7.3 86 0.24
12 Landers 1992 Coolwater 7.3 82.1 0.42
13 Loma Prieta 1989 Capitola 6.9 9.8 0.53
14 Loma Prieta 1989 Gilroy Array #3 6.9 314 0.56
15 Manjil, Iran 1990 Abbar 7.4 404 0.51
16 Superstition Hills 1987 El Centro Imp. Co 6.5 35.8 0.36
17 Superstition Hills 1987 Poe Road (temp) 6.5 11.2 0.45
18 Cape Mendocino 1992 Rio Dell Overpass 7 22.7 0.55
19 Chi-Chi, Taiwan 1999 CHY101 7.6 32 0.44
20 Chi-Chi, Taiwan 1999 TCUO045 7.6 71.5 0.51
21 San Fernando 1971 LA-Hollywood Stor 6.6 39.5 0.21
22 Friuli, Italy 1976 Tolmezzo 6.5 20.2 0.35

Table 17 Analytical results

Five-story SCCF Eight-story SCCF

DI 0. 0 DI 0. 0.,
Target 0.500 0.004 0.012 0.500 0.004 0.012
Minimum 0.067 0.001 0.009 0.104 0.001 0.008
Maximum 0.743 0.011 0.016 0.698 0.012 0.019
Mean 0.306 0.003 0.012 0.415 0.005 0.013
STD 0.129 0.002 0.002 0.115 0.002 0.003

Mean+STD 0.435(0.177)  0.005(0.001) 0.014(0.010)  0.530(0.300) 0.007(0.003) 0.016(0.010)

in this paper to conservatively design the structure, the actual energy demand of each
floor is less than the design value. As shown in Eq. (8), DI decreases with smaller
JdE, which leads to the numerical results less than design expectation. Nevertheless,
according to Table 3, DI=0.306 and 0.415 represent the moderate damage state, imply-
ing good agreement with the desired damage development. Meanwhile, 6, and 6, well
match the target objectives determined during the EBSD design process. According
to the standard deviations listed in Table 17, the discrepancy of quantified damages
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in hybrid joints is relatively bigger than that of deformation indexes. It indicates that
damages developed in structures not only relate to structural features, but also ground
motion characteristics. Damages formed in structures might vary greatly under different
seismic actions.

Figure 13 presents statistical results of Ey; join/En, joine Under 44 scaled ground
motions for the EBSD designed five-story and eight-story SCCFs. It can be seen that the
mean values of Ey; join / Eqy join @re in good agreement with the predicted energy distri-
bution listed in Tables 10 and 11. It indicates that the proposed method can reasonably
quantify the distribution of energy demand in self-centering frame structures. On the
other hand, great discrepancy in the energy distribution under different seismic actions
can be observed according to statistical results (STD, MEAN + STD and MEAN-STD).
It implies that the energy factor depends on both the structure features and earthquake
characteristics.

Seismic fragility analyses are conducted on both examples designed using the EBSD
and DDBD procedures. Figure 14 shows fragility curves of two designed structures cor-
responding to three limit states, including Immediate Occupancy (IO), Life Safety (LS)
and Collapse Prevention (CP). These limit states are defined with the maximum defor-
mation in accordance with minor earthquakes, DBE and MCE given in Table 4. It can
be seen that for the same S,(7, 5%), DDBD has higher probability of exceedance than
EBSD on all three states considered in both design examples. This means that DDBD
designed structures are likely to have more damages than the EBSD designed structures.
Similarly, the differences of 50% exceedance probability between EBSD and DDBD
designed five-story structure for IO, LS and CP are 0.12 g, 0.13 g, and 0.14 g, respec-
tively for the five-story SCCF, while that of the eight-story structure are 0.9 g, 0.11 g
and 0.14 g. This shows DDBD designed structures are more vulnerable. Since structural
damages gradually develop and accumulate with bigger earthquakes, cumulative dam-
ages will have more significant effects on structural performance. Therefore, the EBSD
designed structures exhibit better aseismic capacity, which results from the hysteretic
energy considered in EBSD.
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K MEAN N MEAN
K \ —e— Target N —o— Target
, -~ - STD " -~ -STD
0.8 ! MEAN+STD 0.8 N MEAN+STD
MEAN-STD ’ MEAN-STD
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0.4 - 0.4 Y
, ; J
02 : 4 02 2
L ’ ¥ //
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0.0 0.1 02 0.3 0.4 0.5 0.0 0.1 02 03 0.4
Exi joine/ En, joine Eyi joint/ En, joint
(a) Five-story structure (b) Eight-story structure

Fig. 13 Comparison of energy dissipation
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Fig. 14 Comparison of fragility curves

5 Conclusions

To improve structural performance and optimize post-earthquake repairable capacity, self-
centering frame structures have been developed. These systems exhibit excellent aseismic
performance and resilient capacities, whereas existing design procedures cannot consider
the effects of cumulative damages. This paper presents an energy-based seismic design
(EBSD) procedure for self-centering concrete frame structures. Based on a proposed dam-
age model, hysteretic energy demand Ey; is introduced as a key design parameter to con-
sider the effects of cumulative damages on structures. In addition, the damage state and
structural deformation under the target earthquake intensity can be assigned. EBSD allows
designers to select performance objectives for different seismic intensities corresponding to
different structural performance targets. The detailed derivation of EBSD is illustrated in
the paper. To demonstrate the applicability of EBSD, two SCCFs with different heights and
hazard levels are designed and analyzed by nonlinear dynamic analyses. The results show
that the EBSD designed structures exhibit better performance and more controlled damage
than the DDBD. Meanwhile, the damage state and deformation responses well match the
objectives determined during the EBSD design process. The results show that the well-
designed structures satisfy with the repairable performance objective, which indicates sig-
nificant source savings and downtime reduction for the structure after earthquakes.
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