
Engineering Structures 290 (2023) 116375

Available online 31 May 2023
0141-0296/© 2023 Elsevier Ltd. All rights reserved.

Seismic performance evaluation of novel RC frame structure with kinked 
rebar beams and post-yield hardening columns through shaking table tests 

Shuijing Xiao a, Guanzheng Zhou a,b, Peng Feng a,*, Zhe Qu c 

a Department of Civil Engineering, Tsinghua University, Beijing, China 
b Department of Civil Engineering, Faculty of Engineering, University of Hong Kong, Hong Kong, China 
c Key Laboratory of Earthquake Engineering and Engineering Vibration, Institute of Engineering Mechanics, China Earthquake Administration, Yanjiao, Sanhe, Hebei, 
China   

A R T I C L E  I N F O   

Keywords: 
Novel RC frame structure 
Kinked rebar 
Post-yield hardening 
Seismic performance 
Strong column-weak beam 
Self-centering capability 

A B S T R A C T   

The kinked rebar configuration proposed by the authors has previously demonstrated improved seismic per
formance and progressive collapse resistance through quasi-static tests on reinforced concrete (RC) beams and 
plane RC frame substructures. In this paper, shaking table tests were conducted to evaluate the seismic per
formance of the novel RC frame structure with kinked rebar beams and post-yield hardening columns. The beams 
of the proposed frame included longitudinal bars with a kinked rebar configuration, while carbon fiber rein
forced polymer (CFRP) bars were adopted in the columns to achieve post-yield hardening behavior. A 1/4-scale 
4-story novel RC frame was designed, constructed, and tested, with three ground motion records of varying 
intensity levels used in the shaking table tests. The results showed that the inter-story and residual drift ratios of 
the proposed novel frame were effectively reduced compared to the conventional frame, indicating better seismic 
performance and self-centering capability. Additionally, the damage of the novel frame was first observed at 
beam ends and gradually became more severe with increasing seismic intensity. However, no obvious damage 
was observed at column ends, even under an extremely large earthquake. Thus, a “strong column-weak beam” 
failure mode of the novel RC frame structure was successfully achieved, and its repairability was effectively 
improved.   

1. Introduction 

The reinforced concrete (RC) frame, which comprises columns and 
beams, is widely used as a structural system worldwide. In conventional 
seismic design, the plastic hinges of the RC frame are expected to occur 
first on the beams, followed by the columns during earthquakes, 
resulting in a “strong column-weak beam” failure mode [1–4]. Unfor
tunately, previous investigations into structural damage during earth
quakes [5–8] have shown that some RC frame structures designed 
according to existing seismic specifications have suffered more severe 
damage at column ends and beam-column joints, while the beams 
remained intact in certain conditions. This resulted in the failure of a 
“strong beam-weak column” mode, indicating that the seismic perfor
mance of conventional RC frames is inadequate. 

To improve the seismic performance of RC frames, researchers have 
developed and studied various types of columns, beams, and beam- 
column joints [9–12]. Two main methods are employed to achieve the 

desired “strong column-weak beam” failure mode in RC frame struc
tures: increasing the strength ratio of the column to the beam, and 
relocating the plastic hinges. However, determining the value of the 
strength ratio can be difficult, and the first method is usually not cost- 
effective. Therefore, the second method of developing novel configura
tions to relocate the plastic hinges of the RC frame has been widely 
studied [13–17]. Researchers, such as Hwang et al. [18], Park et al. [19], 
and Fenwick and Irvine [20] have proposed adding 45◦ bend-up bars, 
90◦ bend-up bars, and reinforcement connecting plates, respectively, to 
strengthen the RC beam-column joint zone. Cyclic loading test results 
have shown that these novel joints improve energy dissipation and 
deformation, and reduce damage. Eom et al. [21], Teng et al [22], and 
Oudah and El-Hacha [23] proposed to reduce the size of beam end 
section, set horizontal rectangular opening at beam end, and set vertical 
joint at beam end respectively to achieve “strong column-weak beam” 
failure mode; results showed that these RC beam-column joints were 
well protected and their rotation capability were improved. Researchers 

* Corresponding author. 
E-mail address: fengpeng@tsinghua.edu.cn (P. Feng).  

Contents lists available at ScienceDirect 

Engineering Structures 

journal homepage: www.elsevier.com/locate/engstruct 

https://doi.org/10.1016/j.engstruct.2023.116375 
Received 30 November 2022; Received in revised form 18 May 2023; Accepted 23 May 2023   

mailto:fengpeng@tsinghua.edu.cn
www.sciencedirect.com/science/journal/01410296
https://www.elsevier.com/locate/engstruct
https://doi.org/10.1016/j.engstruct.2023.116375
https://doi.org/10.1016/j.engstruct.2023.116375
https://doi.org/10.1016/j.engstruct.2023.116375
http://crossmark.crossref.org/dialog/?doi=10.1016/j.engstruct.2023.116375&domain=pdf


Engineering Structures 290 (2023) 116375

2

have also proposed replacing the concrete or longitudinal bars of the 
beam ends [24–26]. In recent years, self-centering RC beam-column 
joints, in which unbonded tendons were used to apply restoring force, 
have been developed and widely investigated to reduce residual 
displacement [27–29]. It should be noted that the above novel beam- 
column joint configurations of the RC frame are primarily developed 
to improve the lateral seismic behavior of the structure under an 
earthquake, and not necessarily consider its progressive collapse 
resistance. 

The authors proposed a novel kinked rebar configuration (Fig. 1) to 
improve the seismic performance and progressive collapse resistance of 
RC frames [30–32]. As shown in Fig. 1(b), the conventional straight 
rebar is bent into a triangle or trapezoid shape to form the kinked rebar 
configuration. The kinked rebar has greater deformation capability 
while maintaining the same ultimate bearing capacity as the conven
tional straight rebar, as depicted in Fig. 1(c). The theoretical stress–
strain curve of the kinked rebar is divided into four stages by four key 
performance points, namely the first yield strainεKB

y1 , the first ultimate 
strainεKB

u1 , the second yield strainεKB
y2 , and the second ultimate strainεKB

u2 , 
respectively. Since the apparent first yield strength of the kinked rebar is 
lower than that of the straight steel rebar, the kinked rebar is placed at or 
near the inflection point (corresponding to the position where the 
bending moment of the beam in the normal state is zero) of the beams, as 
illustrated in Fig. 1(a) and (d). This allows the plastic hinge of the kinked 
rebar beam to effectively move to the inflection points, thereby the 
“strong beam-weak column” failure mode of RC frames can be achieved 
under seismic loads. Additionally, the kinked rebar can be straightened 
to assist the frame in resisting vertical loads, even at large deformations, 
and to prevent or delay collapse, as shown in Fig. 1(d). Previous studies 
have investigated the mechanical behavior of the kinked rebar under 
monotonic and cyclic loadings and provided a theoretical model (Fig. 1 
(c)) [30,32]. Furthermore, experimental investigations have been con
ducted on the monotonic and cyclic behavior of beams with kinked rebar 
configurations [30,32] and the progressive collapse behavior [31] of RC 
frame substructures with kinked rebar beams. These studies have 
demonstrated the effectiveness of the kinked rebar configuration in 

improving the seismic performance and progressive collapse resistance 
of the beam. However, the seismic performance of an entire RC frame 
structure with kinked rebar beams has not yet been studied. 

The deformation capability of the RC frame is significantly affected 
by the bottom column, and the deformation of the conventional column 
may not match the deformation of the kinked rebar beam, resulting in 
unsatisfactory seismic performance and progressive collapse resistance 
of the structure. To address this issue, a post-yield hardening column is 
proposed in this study. Fig. 1(e) shows that the longitudinal re
inforcements of the post-yield hardening column are replaced by carbon 
fiber reinforced polymer (CFRP) bars that exhibit linear behavior, 
allowing the column to exhibit positive post-yield stiffness (Fig. 1(f)). 
This modification enhances the proposed novel RC frame’s deformation 
and self-centering capabilities. Additionally, the bottom column ends of 
the novel RC frame are strengthened by glass fiber reinforced polymer 
(GFRP) sheets to prevent severe column damage [33], as shown in Fig. 1 
(a). This paper evaluates the seismic performance of the proposed novel 
RC frame with kinked rebar beams and post-yield hardening columns 
through shaking table tests for the first time. The study begins by 
introducing the parameter design methods of the kinked rebar beam and 
the post-yield hardening column, followed by the construction of a 1/4- 
scale 4-story novel RC frame and a conventional contrastive RC frame. 
Shaking table tests were conducted on both structures, and their seismic 
responses and failure modes were compared. The shaking table test re
sults confirm the satisfactory seismic performance of the proposed novel 
RC frame with kinked rebar beams and post-yield hardening columns. 

2. Design and manufacture of the tested RC frame structure 

2.1. Prototype RC frame structure 

The prototype RC frame structure was designed in accordance with 
current Chinese codes [4,34], which are based on the elastic response 
spectrum and the internal forces are calculated using the minor earth
quake. The building is intended to be situated in a high-risk seismic 
region, with a basic seismic acceleration of 0.2 g, and the site classifi
cation and design earthquake classification are assumed to be Type II 

Fig. 1. Configuration of novel RC frame with kinked rebar beams and post-yield hardening columns.  
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and Group 2, respectively. The basic information of the prototype RC 
frame structure is depicted in Fig. 2. The 4-story building measures 36 m 
× 16 m in plan and 15.3 m in elevation, with five bays of equal length 
(7.2 m) in the x direction and two bays (10 m and 6 m, respectively) in 
the y direction. The first floor is 4.5 m high, while the rest of the floors 
are 3.6 m high, and the floor thickness is 0.12 m. The beam and column 
sizes, as well as the steel rebar information, are illustrated in Fig. 2. It 
should be noted that the section size and steel rebar of beams and col
umns in different floors are the same. As shown in Fig. 2(a), the desig
nations “CC,” “SC,” “MC,” “BX,” and “BY” represent the corner column, 
side column, middle column, beam in x direction, and beam in y di
rection, respectively. The dead and live loads of the prototype structure 
are 6 kN/m2 and 2.5 kN/m2, respectively. 

Since the prototype RC frame is symmetric in the x direction, the 
half-structure (between Axis 1 and Axis 3) was used for the model 
experiment, and the loads between Axis 3 and Axis 4 were added to the 
half-structure in proportion. Moreover, to meet the physical limitations 
of the available shaking table in the lab, a geometric scale factor of 1/4 
was employed for the prototype half-structure. As a result, the plan di
mensions, height of each story, and geometric sizes of beams, columns, 
and floor slabs of the test models were scaled to 1/4 those of the pro
totype RC frame. The scaling law and scale factors for the basic quan
tities are listed in Table 1. This study designed, tested, and compared a 
1/4-scale 2 × 2 bay 4-story conventional RC frame structure and a 1/4- 
scale 2 × 2 bay 4-story novel RC frame structure. 

2.2. Parameter design of the kinked rebar beam 

The design parameters for the kinked rebar beam used in the novel 
frame are shown in Fig. 3. In this design, straight rebars are bent into a 
trapezoid shape at two symmetric positions along the one-bay beam, and 
the upper and lower kinked rebars are positioned at two sides of the 
beam’s inflection point, as demonstrated in Fig. 3(a). The size and di
mensions of the kinked rebar beams in the novel frame are similar to 
those of the conventional frame and can be obtained using a dimension 
scale factor. For the novel beam with trapezoid kinked rebar, there are 
six main parameters (Lm, Ln, l0, l1, l2, and l3) that need to be determined, 
as illustrated in Fig. 3(a). Since the upper and lower kinked rebars are set 
near the inflection point, Eq. (1) can be used to calculate Lm and Ln. 

Lm + 0.5Ln =

(
1
2
−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
4
−

1
3(2 + 1/KB)

√ )

L (1) 

where Lm is the distance between the column edge and the center 
point of the upper kinked rebar, and Ln is the distance between the 
center points of the upper and lower kinked rebars. The span of the beam 
is denoted by L, and KB represents the constraint stiffness of the beam 
end. Since the beam and column of the structure have a rigid connection, 
KB can be considered to be infinitely large, simplifying Eq. (1) to Lm +

0.5Ln = 0.211L. 
Due to the trapezoidal shape of the kinked rebar, which is embedded 

in the concrete, Eqs. (2)-(5) are proposed to determine the values of l1, l2, 
and l3. 

l1 = λ(h − as − a,
s) (2)  

l2 = 0.5l1 (3)  

Ln = 2l1 + l2 + l3 (4)  

l3 = l1 (5) 

where l1 and l2 represent the horizontal axial projected length of the 
hypotenuse and the length of the upper base, respectively, of the trap
ezoid kinked rebar. The distance between the upper and lower kinked 
rebars is denoted by l3. The values of as and a’ s indicate the distance 
between the tension and compression longitudinal reinforcements and 
the beam edge, respectively, while h represents the height of the beam 
section. λ is a coefficient and its value is recommented to be taken from 
0.25 to 0.35; in the structural design of this study, λ is taken as 0.25. 

To ensure that the structure has sufficient collapse resistance, the 
kinked rebar is designed to be straightened when the inter-story drift 
ratio of the structure reaches 1/20, then Eq. (6) can be obtained. 

θKB
u1 =

L
L − 2Lm − Ln

×
1
20

(6) 

where θKB
u1 is the rotation angle of the kinked rebar when straight

ened, as shown in Fig. 1(d), can be calculated using Eq. (7). 

θKB
u1 = lKB

p φKB
u1 = lKB

p
εKB

u1

h0
(7)  

lKB
p = l2 + 2l1 (8)  

εKB
u1 =

0.88(l0 − l1)

(l1 + 0.5l2)
(9) 

Fig. 2. The basic information of the prototype RC frame structure.  
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where lKB
p and φKB

u1 are the length of the plastic hinge zone and the 
curvature of the kinked rebar, respectively; εKB

u1 is the first ultimate strain 
of the kinked rebar, as shown in Fig. 1(c), and it corresponds to the strain 
of the kinked rebar when straightened and is evaluated using Eq. (9). 
Here, h0 is the effective height of the beam and l0 is the length of the 
hypotenuse of the trapezoid kinked rebar. 

By using Eqs. (6)-(9), it is possible to derive Eq. (10) and conse
quently calculate l0, thereby obtaining the six main parameters of the 
kinked rebar. 

0.88(l0 − l1)(l2 + 2l1)

(h − as − a,
s)(l1 + 0.5l2)

=
L

L − 2Lm − Ln
×

1
20

(10) 

Based on the design parameters presented in Fig. 3 and the dimen
sion scale factor, the values of the parameters for the kinked rebar beam 
in the novel frame are calculated and summarized in Table 2. The width 
b of the kinked rebar beam is adjusted to be 0.1 m to meet the 
requirement of the thickness of the concrete protective layer. The steel 
rebar details of the kinked rebar beams are shown in Fig. 3(b), and their 
reinforcement ratios are similar to those of the prototype beams. It is 
worth noting that the longitudinal reinforcements of the beams in the 
novel frame are designed to be kinked rebars and stirrups are added 
between the upper and lower kinked rebars to improve the shear ca
pacity of the novel beam, as shown in Fig. 3(a). The kinked rebar is also 
used in the floor, and its parameters are the same as those in the novel 
beam. Other than that, the arrangement of the steel bars for the beams 
between the conventional and novel frames is the same. 

2.3. Parameter design of the post-yield hardening column 

The design information for the columns of both the conventional and 
novel frames is illustrated in Figs. 4 and 5, respectively. For the con
ventional column, the geometric dimensions and steel rebar are 

determined using the dimension scale factor SL of 1/4. The cross-section 
of the column is 0.15 m × 0.15 m and four longitudinal reinforcements 
with a diameter of 12 mm are placed at the corner of SC, CC, and MC, 
while four longitudinal reinforcements with diameters of 10 mm and 8 
mm are placed in the middle of SC and CC and MC, respectively, as 
shown in Fig. 4. A reserved hole with a diameter of 30 mm is also set at 
the center of the column for the application of prestress tendons, then 
the additional axial force can be applied through the prestress tendons 
during testing. In contrast, the novel frame’s post-yield hardening col
umn has the same cross-section size and corner reinforcements as the 
conventional column but replaces the middle longitudinal re
inforcements with CFRP bars. As shown in Fig. 5, twelve longitudinal 
CFRP bars (three bars are combined at one same position) with a 
diameter of 6 mm are used at the middle of SC and CC, and eight lon
gitudinal CFRP bars (two bars are combined at one same position) with a 
diameter of 6 mm are used at the middle of MC. The area of CFRP bars is 
designed to be similar to that of the corresponding conventional steel 
bars, and their elastic modulus (given in section 2.4) are also similar to 
that of the conventional steel bars. Therefore, the initial stiffness and 
yield capacity of the post-yield hardening column are considered to be 
similar to those of the conventional column in theory, with only the post- 
yield stiffness differing. Additionally, the bottom column ends of the 
post-yield columns at the first story of the novel frame are reinforced 
with GFRP sheets to protect the column from damage and improve their 
post-yield stiffness. Apart from these differences, the arrangement of the 
steel bars of columns between the conventional and novel frames is the 
same. 

2.4. Model construction and material property 

The construction of the model can be divided into two main steps: 
construction of the bottom foundation and construction of the upper 

Table 1 
Scale factors for the test model.  

Basic 
quantity 

Dimension Elastic 
modulus 

Equivalent 
density 

Stress (strain) Acceleration Period (loading time) Axial compression 
ratio 

Scale lawing SL SE Sρ Sσ = Sε Sa ST = St Su 

Scale factor 1/4 1 1.199 1 3.33 0.27 1 

Note: The materials of the scale model is the same with the prototype structure, thus Sσ = Sε = SE = 1; the added mass of the test model is limited by the shaking table, 
thus 1＜Sρ＜SE/ SL; Sa = SE/(SL⋅Sρ);St = SL

̅̅̅̅̅̅̅̅̅̅̅̅
Sρ/SE

√

Fig. 3. The design parameter of the kinked rebar beam for the novel frame.  

Table 2 
Values of the designed parameters of the kinked rebar beam for the novel frame.  

Number b h as (a’ s) L l1 (l3) l2 l0 Lm Ln 

BX 0.1 m 0.175 m 20 mm 1.8 m 40 mm 20 mm 45 mm 310 mm 140 mm 
BY-1 0.1 m 0.2 m 2.5 m 457.5 mm 
BY-2 0.1 m 0.175 m 1.5 m 246.5 mm 

Note: b is the width of the beam section. 
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frame structure. The geometric size of the foundation is determined 
according to the base size of the shaking table, and reserved bolt holes 
are set. The reinforcement cage for the foundation is assembled, and the 
longitudinal bars of columns are positioned and placed in the cage 
(Fig. 6(a)). The foundation is then cast with concrete and cured (Fig. 6 
(b)). Next, the steel bars of the columns on the first story are assembled, 
and the wood templates of columns, beams, and floors are erected (Fig. 6 
(c)). The steel bars of beams and floors are then assembled corre
spondingly. The concrete for the columns, beams, and floors of the first 
story is cast and cured (Fig. 6(d)). The same process is repeated for the 
construction of the rest of the floors, with the completed three- 
dimensional models shown in Fig. 6(e) and (h). The construction pro
cesses for the conventional and novel frames are similar, with a few 
differences. For the novel frame, the wedge-type anchorage for CFRP 
bars of columns is embedded into the reinforcement cage of the foun
dation at the first step (Fig. 6(f)). The longitudinal reinforcement of 
beams and floors are bent to a trapezoid shape at corresponding posi
tions before binding in the second step (Fig. 6(g)). Additionally, poly
ethylene foam is fixed on the kinked rebar to prevent bonding between 
steel bar and concrete, and the stirrups near the kinked rebar are 
strengthened (Fig. 6(g)). Strain gauges are attached to key positions of 
the steel bars to monitor the damage of the structure. Two layers of 
GFRP sheets with a thickness of 0.169 mm are attached around column 
ends at the first story of the novel frame using epoxy resin (Fig. 6(h)). 
Finally, 65 mass blocks (each weighing 20 kg) are placed on each floor 
slab, resulting in an actual seismic mass (including payload mass blocks) 
of 6100 kg for each floor and 7600 kg for the foundation. 

After constructing two test models, the properties of concrete, steel 
bars, CFRP bars, and GFRP sheets were tested prior to the shaking table 
test of the structure. Compressive strength of concrete was obtained 
through a series of compressive tests on concrete cubes, resulting in 
values of 53.0 MPa, 44.1 MPa, 48.3 MPa, 48.8 MPa, and 47.7 MPa for 
the foundation, first, second, third, and fourth floors of the conventional 
frame, respectively. For the novel frame, the values were 50.0 MPa, 44.7 
MPa, 40.8 MPa, 39.8 MPa, and 40.3 MPa for the foundation, first, sec
ond, third, and fourth floors, respectively. Mechanical properties of steel 
bars and CFRP bars were obtained through a series of tensile tests, 
whereas those of GFRP sheets were provided by the producer. The yield 
strength of steel bar with diameters of 14 mm, 12 mm, 10 mm, 8 mm, 
and 6 mm was 481 MPa, 484 MPa, 446 MPa, 461 MPa, and 376 MPa, 
respectively, while the ultimate tensile strength was 652 MPa, 644 MPa, 
722 MPa, 770 MPa, and 504 MPa, respectively. The CFRP bar’s tensile 
strength was 2075.5 MPa, and that of the GFRP sheet was 2200 MPa. 
The elastic modulus of steel bar with diameters of 14 mm, 12 mm, 10 
mm, 8 mm, and 6 mm, CFRP bar, and GFRP sheet were 180 GPa, 184 
GPa, 186 MPa, 191 GPa, 217 GPa, 157 GPa, and 100 GPa, respectively. 

3. Experimental program 

3.1. Test setup 

The 1/4 scaled RC frame structures underwent shaking table tests at 
the Huixian Earthquake Engineering Comprehensive Lab of Institute of 
Engineering Mechanics, CEA, in Beijing, China. The shaking table had an 

Fig. 4. Design information of columns of the conventional frame.  

Fig. 5. Design information of post-yield hardening columns of the novel frame.  
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overall dimension of 5 m × 5 m, a maximum payload capacity of 320 kN, 
a maximum velocity of 1.5 m/s, a peak ground acceleration (PGA) of 2 g, 
and a displacement range of ± 0.5 m. Fig. 7 shows an overall view of the 
test model on the shaking table. The model was secured to the shaking 
table base using high-strength bolts. Following fixation, axial force was 
applied to the columns via the tendons, and the force value was 
measured by a force sensor, as shown in Fig. 7. Nine force sensors were 
positioned at the top of the columns of the structure. 

3.2. Instrumentation 

To evaluate and monitor the seismic responses of two test models, 

accelerometers and displacement transducers were placed at corre
sponding positions, as illustrated in Fig. 8. The models were equipped 
with fifteen displacement transducers to record the lateral displacement: 
three on each story and three on the foundation. The displacement 
transducers numbered DX and DY were used to measure the displace
ment response of the structure in x and y directions, respectively. To 

Fig. 6. Construction process and details of the test models.  

Fig. 7. Overall view of the test model on the shaking table.  Fig. 8. Arrangement of accelerometers and displacement transducers.  
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account for the structure’s asymmetry in the y direction, two displace
ment transducers were placed at different locations on the same floor, as 
shown in Fig. 8(a). The inter-story drift ratio of the model in the y di
rection was then calculated using the average values measured by the 
two displacement transducers at the same floor. The models also had 
eleven two-direction accelerometers mounted on them to record the 
acceleration during the test: two on each floor, two on the foundation, 
and one on the shaking table. The two-direction accelerations on the 
same floor were placed on the center of the middle beams between Axial 
C and Axial B (denoted as A1) and between Axial B and Axial A (denoted 
as A2), respectively, as shown in Fig. 8(a). The acceleration of the model 
was calculated by using the average values measured by the two ac
celerometers at the same floor. 

3.3. Seismic inputs and test cases 

Three main earthquake ground motion records were selected as the 
input excitations: the EL-Centro earthquake ground motion record, the 
Takatori earthquake ground motion record, and the Chichi earthquake 
ground motion record. The horizontal component with a larger peak 
ground acceleration (PGA) of each ground motion record was chosen. 
Fig. 9 displays the scaled acceleration time history and spectral accel
eration of the selected ground motions. The ground motions were time- 
scaled by a factor St of 0.27 (Table 1). 

Table 3 summarizes the test cases performed in this study. The 
seismic intensities of the EL-Centro and Takatori earthquake ground 
motions were considered based on the scale factor of acceleration (Sa =

3.33), and the PGAs were scaled to 0.24 g, 0.47 g, 0.67 g, 1.34 g, and 
2.06 g. These two ground motions with their corresponding PGAs were 
separately applied in the x and y directions. Once the PGA reached 2.06 
g, the EL-Centro and Takatori ground motions were simultaneously 
applied in both x and y directions. Additionally, the Chichi earthquake 
ground motion with a PGA of 2.06 g was applied to study the structural 
seismic collapse resistance and failure mode. The input PGAs in the x 
and y directions were kept the same during the bidirectional shaking 
table tests. To capture the changes in the natural frequencies of the test 
models, white-noise scanning was conducted after each test, as listed in 
Table 3. 

4. Results and discussions 

4.1. Damage distribution and failure mode 

During the shaking table tests, the crack development of both the 
conventional and novel frames was recorded and compared. The dam
age was primarily observed on the 1st and 2nd stories of both models, 
with the damage on the upper stories being minimal. Table 4 lists the 
main experimental observations for the structural members of both 
frames, and Fig. 10 compares the crack distribution of the conventional 
and novel frames under different seismic intensities in the y direction. 
When the peak ground acceleration (PGA) was 0.24 g, no significant 
cracks were observed on the conventional frame, while slight cracks 
occurred on the beam around the kinked rebar in the 1st and 2nd stories 

Fig. 9. Scaled acceleration time history and spectral acceleration of selected ground motions: (a) EL-Centro, (b) Takatori, (c) Chichi, and (d) comparisons of spectral 
accelerations. 

Table 3 
Test cases.  

Cases Input PGA(g) Cases Input PGA(g) 

x y x y 

1 White-noise  0.12  – 25 White-noise  0.12  – 
2 EL-Centro  0.24  – 26 EL-Centro  1.34  – 
3 White-noise  –  0.12 27 White-noise  –  0.12 
4 EL-Centro  –  0.24 28 EL-Centro  –  1.34 
5 White-noise  0.12  – 29 White-noise  0.12  – 
6 Takatori  0.24  – 30 Takatori  1.34  – 
7 White-noise  –  0.12 31 White-noise  –  0.12 
8 Takatori  –  0.24 32 Takatori  –  1.34 
9 White-noise  0.12  – 33 White-noise  0.12  – 
10 EL-Centro  0.47  – 34 EL-Centro  2.06  – 
11 White-noise  –  0.12 35 White-noise  –  0.12 
12 EL-Centro  –  0.47 36 EL-Centro  –  2.06 
13 White-noise  0.12  – 37 White-noise  0.12  – 
14 Takatori  0.47  – 38 Takatori  2.06  – 
15 White-noise  –  0.12 39 White-noise  –  0.12 
16 Takatori  –  0.47 40 Takatori  –  2.06 
17 White-noise  0.12  – 41 White-noise  0.12  0.12 
18 EL-Centro  0.67  – 42 EL-Centro  2.06  2.06 
19 White-noise  –  0.12 43 White-noise  0.12  0.12 
20 EL-Centro  –  0.67 44 Takatori  2.06  2.06 
21 White-noise  0.12  – 45 White-noise  0.12  0.12 
22 Takatori  0.67  – 46 Chichi  2.06  2.06 
23 White-noise  –  0.12 47 White-noise  0.12  0.12 
24 Takatori  –  0.67      
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of the novel frame, as shown in Fig. 10(a). However, both models 
remained elastic, meeting the design requirements under minor earth
quakes. When the PGA was 0.47 g, minor cracks occurred on the beams, 
and slight lateral cracks occurred on column ends in the 1st story of the 
conventional frame. For the novel frame, more cracks developed only on 
the beams in the 1st and 2nd stories. Additionally, an oblique crack 
occurred on the beam-column joint in the 1st story, and more cracks 
were observed on columns in the 1st and 2nd stories of the conventional 
frame when the PGA reached 0.67 g. However, slender cracks were only 
observed on the beams of the novel frame, and the maximum width of 
the existing cracks was 0.3 mm when the PGA reached 0.67 g, which is 
helpful to straighten the kinked rebar. With the increase of PGA, cracks 
on beams, columns, and beam-column joints correspondingly increased. 
As shown in Fig. 10(b), two slight oblique cracks first occurred on the 
beam-column joint in the 1st story of the novel frame when the PGA was 
1.34 g, while the maximum width of cracks on the beams and columns of 
the conventional frame reached 0.15 mm and 0.18 mm, respectively, 
indicating that the damage of the column of the conventional frame was 
more severe than that of the novel frame. When the PGA was 2.06 g, 
cracks quickly developed on the beam-column joints, and concrete 
crushed on column ends of the conventional frame. The damage of the 
conventional frame was especially severe under the Chichi ground 
motion with PGA of 2.06 g applied simultaneously in the x and y di
rections, as shown in Fig. 10(c). Although the number and width of 
cracks on beams of the novel frame quickly increased when the PGA 
reached 2.06 g, their positions were away from the beam ends, as shown 
in Fig. 10(c). In addition, the development of cracks on beam-column 
joints was well-controlled, with the maximum crack width of 0.2 mm, 
and concrete cover spalling was observed only on one beam-column 
joint. 

Although the conventional RC frame did not collapse during the test, 

it was challenging to repair due to its severe damage on columns and 
beam-column joints after a strong earthquake. On the other hand, the 
repairability of the novel RC frame was improved as its damage mainly 
focused on beams. 

Fig. 11 shows the final failure modes of the conventional and novel 
frames subjected to Chichi ground motion with a PGA of 2.06 g (Case 
46). It can be seen that the conventional frame suffered from significant 
concrete spalling and reinforcement exposure on its columns and beam- 
column joints, and its damage was primarily concentrated on column 
ends or beam-column joints. In contrast, the novel frame’s beams first 
showed and severely developed cracks due to the use of kinked rebar, 
whereas its columns’ cracks were effectively controlled because of the 
utilization of CFRP bar and GFRP sheet. These findings indicate that the 
novel RC frame structure’s damage was significantly reduced, and the 
“strong column-weak beam” failure mode was successfully achieved. 

4.2. Dynamic characteristics 

To indirectly reflect the stiffness degradation and damage condition 
of the structures during the tests, the structural period variation was 
examined by conducting white-noise tests before and after each shaking 
table test. The first three vibration modes of the models were translation 
in the x direction, translation in the y direction, and torsion, respec
tively. The estimated period variations of the two models are presented 
in Fig. 12. As the intensity of seismic excitation increased, the periods of 
both models gradually became longer, indicating a progressive degra
dation of structural stiffness. This was due to the development of minor 
cracks on beams, columns, and beam-column joints, as well as concrete 
cover spalling on column ends and beam-column joints, as discussed in 
Section 4.1. 

The natural periods of the conventional frame in the x and y di
rections were 0.143 s and 0.141 s, respectively, while those of the novel 
frame were slightly greater at 0.147 s and 0.145 s, respectively, as shown 
in Fig. 12. This was attributed to the use of kinked rebar, which had a 
lower yield strength. As demonstrated in Fig. 12, the periods of both the 
conventional and novel frames rapidly increased after major earth
quakes with a PGA of 1.34 g, which was consistent with the damage 
described in Fig. 10. From the beginning of the test to the last scan of 
white-noise, the periods of the conventional and novel frames increased 
by 2.7 times (both in x and y direction) and 2.4 times (both in x and y 
direction), respectively. This indicated that both structures sustained 
severe damage under strong earthquakes, while the damage of the novel 
frame was less severe than that of the conventional frame. This result 
was also consistent with the failure process shown in Table 4 and Fig. 11, 
which revealed that the novel RC frame structure effectively reduced 
damage and achieved the “strong column-weak beam” failure mode. 

4.3. General seismic responses 

Acceleration response of the test models was measured using accel
erometers placed at each floor, and the peak acceleration of different 
stories under EL-Centro and Takatori ground motions with different 
PGAs were recorded and summarized in Tables 5 and 6, respectively. 
Generally, the maximum peak acceleration was observed at the top of 
the structures, while the peak acceleration of the foundation was similar 
to the input PGA value, indicating the models were well-fixed on the 
shaking table. Additionally, the peak accelerations of the conventional 
and novel frames gradually increased with increasing PGA values. When 
the input PGA value reached 1.34 g (corresponding to strong earthquake 
of the eighth degree area), the peak accelerations of both the conven
tional and novel frames in x and y directions were larger than 2.0 g, 
indicating significant potential for damage to structural components 
(Fig. 10(b)). However, the peak acceleration was not always continu
ously increased with the height of the story of the structures, as the peak 
accelerations of the lower stories may be larger than that of the upper 
stories. For instance, the peak accelerations in the x direction of the 2nd 

Table 4 
Experimental observations of the conventional and novel frames.  

Cases PGA Description of the test observations 

The conventional frame The novel frame 

2, 4, 
6, 8 

0.24 
g 

No obvious cracks. Slight cracks occurred on 
beams in the 1st and 2nd 
stories (Fig. 10(a)). 

10, 12, 
14, 
16 

0.47 
g 

Minor cracks occurred on 
beams in the 1st story; slight 
lateral crack occurred on 
column ends in the 1st story. 

More cracks developed on 
beams in the 1st and 2nd 
stories. 

18, 20, 
22, 
24 

0.67 
g 

Cracks extended on beams in 
the 1st story; Oblique crack 
occurred on beam-column 
joint in the 1st story; more 
slight lateral cracks on column 
ends in the 1st and 2nd stories. 

Cracks developed and 
extended and crack width 
increased on beams in the 1st 
and 2nd stories. 

26, 28, 
30, 
32 

1.34 
g 

Cracks extended and more 
cracks developed on beams, 
columns and beam-column 
joints; crack width increased ( 
Fig. 10(b)). 

More slight cracks 
developed; two oblique 
cracks on the beam-column 
joint in the 1st story (Fig. 10 
(b)). 

34, 36, 
38, 
40 

2.06 
g 

Cracks quickly developed on 
beam-column joint; concrete 
cover spalling on beam- 
column joint. 

Cracks observed on all the 
beams in the 1st and 2nd 
stories; slight lateral cracks 
occurred on column ends in 
the 1st story. 

42 2.06 
g 

Cracks extended and their 
width increased; concrete 
cover spalling on column ends 
in the 1st story. 

Cracks extended and width 
increased on beams and 
column ends. 

44 2.06 
g 

Concrete crushed on column 
ends and beam-column joints. 

Several upper and lower 
cracks connected on beams; 
concrete cover spalling on 
one beam-column joint. 

46 2.06 
g 

Severe damage on column ends 
and beam-column joints ( 
Fig. 10(c)). 

Concrete cover spalling on 
the beam in the 1st story ( 
Fig. 10(b)).  
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story of the conventional frame under EL-Centro ground motion with 
PGA of 0.24 g, 0.47 g, and 2.06 g were 0.59 g, 1.12 g, and 2.22 g, 
respectively, as listed in Table 5. These values were larger than that of 
the 3rd story, mainly due to the stiffness degradation of the structure. 
The variation of peak acceleration was more significant when the PGA 
reached 2.06 g, indicating that the damage accumulation of the test 
models was more severe under strong earthquakes. 

The acceleration amplification factors, defined as the ratio of accel
eration of each story to the acceleration of the foundation, in x and y 
directions of the two test models under EL-Centro ground motion with 
different PGAs are presented in Fig. 13. Generally, the acceleration 
amplification factors of the conventional and novel frames were similar. 
Additionally, it was observed that the acceleration amplification factors 
increased with the height of the story of both the conventional and novel 
frames. This variation was more regular in the y direction, as shown in 
Fig. 13(b). However, the acceleration amplification factor at each story 
of both the conventional and novel frames decreased as the PGA 

increased. This is because plastic hinges gradually formed at beam or 
column ends as the PGA increased, resulting in the structure attracting 
less seismic force and having greater damping. Therefore, the damage of 
both the conventional and novel frames gradually developed with the 
increase of PGA. The difference was that the damage of the conventional 
frame was mainly focused on columns and beam-column joints while the 
damage of the novel frame was mainly focused on beams. 

The inter-story drift ratio distribution of the two test models under 
EL-Centro ground motion with different PGAs is shown in Fig. 14. The 
results indicated that the inter-story drift ratios in the x direction of each 
story of the conventional and novel frames increased with the increase of 
PGAs. The maximum inter-story drift ratio occurred at the first story for 
both structures, indicating that the most severe damage was concen
trated at the first story. The variation of inter-story drift ratio in the y 
direction was similar to that in the x direction for both models. When the 
PGA was 0.24 g, the maximum inter-story drift ratios of the conventional 
and novel frames were less than 0.18 %, which meets the seismic design 

Fig. 10. Comparison of crack distribution of the conventional and novel frames under different seismic intensities in y direction: (a) PGA = 0.24 g (Case 8), (b) PGA 
= 1.34 g (Case 32), (c) PGA = 2.06 g (Case 46). 
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requirement for elastic inter-story drift ratio. As the PGA increased, the 
inter-story drift ratios of both models gradually increased, and the 
maximum inter-story drift ratios exceeded 1 % when the PGA reached 
1.34 g (corresponding to a strong earthquake of the eighth-degree area), 
indicating that significant damage had occurred. Moreover, compared to 
the conventional frame, the inter-story drift ratios of the novel frame 
were lower when the PGA was less than 0.67 g and higher when the PGA 
was greater than or equal to 0.67 g. This is because the deformation of 
the kinked rebar in the novel frame was larger, and they gradually 

straightened when the PGA reached 0.67 g. However, the maximum 
inter-story drift ratios in both x and y directions of the novel frame were 
6.5 % and 3.6 % lower, respectively, compared with the conventional 
frame when PGA was 2.06 g. This indicates that the novel frame had a 
better seismic performance than the conventional frame under strong 
earthquakes. 

The reduction in maximum displacement and inter-story drift ratio 
was more significant when the structure entered the plastic stage during 
strong earthquakes. Figs. 15 and 16 compare the maximum 

Fig. 11. Final failure modes: (a) Conventional frame, and (b) Novel frame.  

Fig. 12. Structural period variations after each test: (a) in x direction, and (b) in y direction.  

Table 5 
Peak acceleration of different stories under EL-Centro ground motion with different PGAs.  

Models Story Peak acceleration in x direction (g) Peak acceleration in y direction (g) 

0.24 0.47 0.67 1.34 2.06 2.06-xy 0.24 0.47 0.67 1.34 2.06 2.06-xy 

Conven-tional 4  0.68  1.12  1.41  2.07  2.64  2.72  0.82  1.35  1.27  2.40  3.14  2.43 
3  0.48  0.78  0.99  1.52  1.81  1.68  0.57  1.03  1.02  1.63  2.16  1.71 
2  0.59  1.12  0.98  1.52  2.22  1.79  0.51  0.89  1.07  1.69  2.25  2.13 
1  0.48  0.94  1.20  1.49  1.79  2.32  0.39  0.82  1.03  1.52  2.14  2.24 
0  0.32  0.58  0.74  1.30  2.01  1.88  0.21  0.44  0.67  1.34  1.79  2.03 

Novel 4  0.59  0.93  1.23  2.12  3.04  2.83  0.65  1.12  1.27  2.28  2.95  2.58 
3  0.52  0.66  0.81  1.42  1.79  2.01  0.47  0.80  1.13  1.52  1.75  1.70 
2  0.54  0.80  0.76  1.39  2.31  2.15  0.46  0.75  1.10  1.46  2.06  2.00 
1  0.45  0.61  0.78  1.36  2.03  2.53  0.38  0.71  0.81  1.31  1.95  1.83 
0  0.30  0.41  0.63  1.29  2.06  2.06  0.20  0.42  0.65  1.30  1.95  2.05 

Note: The notation 2.06-xy represents the seismic ground motion with PGA of 2.06 g that was applied simultaneously in both the x and y directions. 
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displacement and inter-story drift ratio between the conventional and 
novel frames under different bidirectional strong earthquakes with a 
PGA of 2.06 g. The maximum displacement in both x and y directions of 
each story of the conventional and novel frames increased with the 
height of the structures, and the displacement increment of adjacent 
stories decreased with the increase of story height. This indicated that 
the deformation characteristic of both the conventional and novel 
frames was shear deformation, which is in accordance with the defor
mation of RC frame structures. The maximum displacement in y direc
tion of the conventional and novel frames was greater than that in x 
direction due to the asymmetry of the two models in y direction. The 
maximum displacement of each story of the two structures under EL- 
Centro ground motion was larger than that under Takatori ground mo
tion. The maximum displacement of each story of the two structures 
under Chichi ground motion was the largest among the three ground 
motions, resulting in the most severe damage under Chichi ground 
motion during the whole tests. Particularly, the maximum displacement 

in the x direction of the novel frame was relatively smaller than that of 
the conventional frame. The maximum displacement in y direction of 
the novel frame under EL-Centro and Takatori ground motions was 
similar to that of the conventional frame, while that of the novel frame 
under Chichi ground motion was relatively larger, mainly due to the 
more obvious asymmetry of the two frames in y direction after severe 
damaged. 

The use of CFRP bars with elastic behavior in the novel frame 
resulted in a significant reduction of inter-story drift ratios in both x and 
y directions under different bidirectional strong earthquakes with PGA 
of 2.06 g, as shown in Fig. 16. In comparison to the conventional frame, 
the inter-story drift ratio distribution of the novel frame was more uni
form under strong earthquakes. Specifically, the maximum inter-story 
drift ratios in x direction of the novel frame under EL-Centro, Takatori 
and Chichi ground motions were 1.56 %, 1.92 %, and 2.63 %, respec
tively, which were reduced by 20.3 %, 28.9 %, and 35.7 %, respectively, 
compared to the conventional frame. Correspondingly, the maximum 

Table 6 
Peak acceleration of different stories under Takatori ground motion with different PGAs.  

Models Story Peak acceleration in x direction (g) Peak acceleration in y direction (g) 

0.24 0.47 0.67 1.34 2.06 2.06-xy 0.24 0.47 0.67 1.34 2.06 2.06-xy 

Conven-tional 4  0.88  1.43  1.61  2.29  2.84  3.19  0.84  1.39  1.54  2.09  2.64  2.54 
3  0.55  1.02  1.30  1.71  1.91  1.66  0.63  0.86  1.29  1.68  1.97  1.32 
2  0.65  1.04  1.28  1.72  2.32  1.51  0.53  0.93  1.19  1.70  2.28  1.87 
1  0.53  0.74  0.91  1.39  1.69  2.02  0.39  0.69  0.87  1.35  1.89  2.51 
0  0.32  0.54  0.78  1.14  1.86  2.08  0.21  0.45  0.72  1.11  1.71  2.14 

Novel 4  0.80  1.29  1.34  2.22  2.94  3.13  0.79  1.32  1.39  2.31  2.91  2.51 
3  0.61  0.82  1.01  1.61  1.69  1.65  0.64  0.96  1.03  1.67  1.89  1.62 
2  0.48  0.75  0.92  1.58  2.19  1.61  0.58  1.01  1.02  1.62  2.24  1.60 
1  0.41  0.57  0.76  1.33  2.03  2.16  0.36  0.77  0.81  1.36  1.96  1.67 
0  0.26  0.43  0.60  1.21  2.01  2.04  0.20  0.45  0.61  1.23  2.04  2.08  

Fig. 13. Acceleration amplification factors of two test models under EL-Centro ground motion: (a) in x direction, and (b) in y direction.  
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inter-story drift ratios in y direction of the novel frame under EL-Centro, 
Takatori and Chichi ground motions were reduced by 13.0 %, 22.5 %, 
and 27.8 %, respectively, compared to the conventional frame. There
fore, the seismic performance of the proposed novel RC frame structure 
was found to be satisfactory under strong earthquakes. 

4.4. Residual displacement 

Residual displacement is an essential parameter for evaluating the 
seismic resilience of a structure after an earthquake. The displacement of 
the conventional frame deviated from its original position during the 
test, thereby resulting in obvious residual displacement. In contrast, the 
novel frame returned to its original position with no obvious residual 
displacement after the earthquake. Fig. 17 compares the residual drift 

ratio, which is the ratio of residual displacement to the story height, 
between the conventional and novel frames under different bidirectional 
strong earthquakes with PGA of 2.06 g. The results indicate that the 
residual drift ratio in the bottom stories of the conventional frame was 
significantly greater than that in the upper stories, indicating severe 
damage focused mainly at the bottom. On the other hand, the residual 
drift ratio distribution of the novel frame was more uniform. Addition
ally, the residual drift ratio in each story of the novel frame under the 
same earthquake was smaller than that of the conventional frame, 
especially under Chichi ground motion, as shown in Fig. 17. For 
instance, when subjected to Chichi ground motion with PGA of 2.06 g, 
the maximum residual drift ratio in x and y directions of the conven
tional frame occurred in the first story, with values of 0.62 % and 0.97 
%, respectively. These values were far greater than the repair limit value 

Fig. 14. Inter-story drift ratio distribution of two test models under EL-Centro ground motion: (a) the conventional frame, and (b) the novel frame.  

Fig. 15. Comparison of maximum displacement between the conventional and novel frames under different bidirectional strong earthquakes with PGA of 2.06 g: (a) 
in x direction, and (b) in y direction. 

S. Xiao et al.                                                                                                                                                                                                                                     



Engineering Structures 290 (2023) 116375

13

of 0.5 %, indicating that the conventional RC frame was close to collapse 
and difficult to repair after subjecting to Chichi ground motion with PGA 
of 2.06 g. On the other hand, the maximum residual drift ratio in the x 
and y directions of the novel frame occurred in the second story with 
values of 0.07 % and 0.08 %, respectively, when subjected to Chichi 
ground motion. These values were 88.1 % and 89.2 % lower, respec
tively, than those of the conventional frame. Furthermore, the maximum 
residual drift ratios in the x and y directions of the novel frame were less 
than 0.5 %, indicating that the function of the novel frame could be 
restored through repair after subjecting Chichi ground motion with PGA 
of 2.06 g. Therefore, the seismic resilience of the proposed novel RC 
frame was significantly improved. 

5. Conclusions 

A novel RC frame included kinked rebar beam to realize “strong 
column-weak beam” failure mode and post-yield hardening column to 
improve seismic resilience was proposed in this paper. A 1/4-scale 4- 
story novel RC frame structure was designed and constructed. Then the 
seismic performance of this novel RC frame was investigated through a 
series of shaking table tests. The following conclusions can be drawn:  

1. The results showed that the damage of the novel RC frame was 
effectively reduced compared to the conventional RC frame. Spe
cifically, damage on the conventional RC frame gradually developed 
on column ends and beam-column joints with increasing seismic 
intensity, and it was severe when subjected to Chichi ground motion 
with PGA of 2.06 g (corresponding to the actual ground motion for a 

prototype structure was 0.62 g). In contrast, the damage on the novel 
frame was first observed on kinked rebar beams, and it became more 
severe with increasing seismic intensity due to the use of kinked 
rebars. However, the damage on columns was controlled due to the 
use of CFRP bars and GFRP sheets, thereby successfully achieving the 
desired “strong column-weak beam” failure mode.  

2. The peak acceleration of the novel RC frame exhibited a similar 
pattern to that of the conventional RC frame, with the highest peak 
acceleration usually occurring at the top story and exceeding 2.0 g 
when the PGA reached 1.34 g. The peak acceleration amplification 
factors generally increased with the height of the story and decreased 
as the PGA increased, due to the accumulation of damage in the 
structure.  

3. The inter-story drift ratio and residual drift ratio of the novel RC 
frame were effectively controlled when subjected to gradually 
increased PGAs, with more effective reduction observed when the 
structure entered the plastic stage under strong earthquakes. 
Compared to the conventional RC frame, the maximum inter-story 
drift ratios in the x and y directions of the novel RC frame under 
Chichi ground motion were reduced by 35.7 % and 27.8 %, respec
tively. The maximum residual drift ratio of the conventional RC 
frame under Chichi ground motion exceeded 0.5 %, while that of the 
novel RC frame was far less than 0.5 %, with the values of the 
maximum residual drift ratios in the x and y directions reduced by 
88.1 % and 89.2 %, respectively. As a result, the seismic performance 
of the proposed novel RC frame structure was satisfactory under 
strong earthquakes, and its seismic resilience was effectively 
improved. 

Fig. 16. Comparison of inter-story drift ratio between the conventional and novel frames under different bidirectional strong earthquakes with PGA of 2.06 g: (a) in x 
direction, and (b) in y direction. 

Fig. 17. Comparison of residual drift ratio between the conventional and novel frames under different bidirectional strong earthquakes with PGA of 2.06 g: (a) in x 
direction, and (b) in y direction. 
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4. The construction process of the novel test model showed that the 
fabrication of the kinked rebar beam and the post-yield hardening 
column was straightforward and the construction of the novel 
structure was similar to that of conventional structures. This suggests 
that the proposed RC frame structure, with its satisfactory seismic 
performance, has a promising potential for practical engineering 
applications. 
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