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Seismic behavior of telescopic buckling braced frame structure

A telescopic buckling brace was investigated. The design method for the brace was
established, and finite element simulations were conducted. The simulation accuracy
was validated against the existing test results, and an elastoplastic dynamic time history

Xiaowei Yang, PhD. CE analysis method was used to study the seismic performance of the telescopic buckling
Zhongyuan University of Technology, China brace frame structure. The results showed that under the action of strong earthquakes,
School of Intelligent Construction and Civil compared with ordinary braced frame structures, the shape of the base shear-vertex
Engineering displacement hysteresis curve of the telescopic buckling frame structure was relatively
yxw43@163.com full, the seismic energy dissipation capacity was increased by 34 %, and the base shear
Corresponding author force of the structure was reduced by 23 %. The maximum floor displacement and the

maximum story drift angle of the structure were reduced by 20 %.
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1. Introduction

Structures under strong earthquakes dissipate earthquake
energy through deformation and damping. Owing to the small
inherent damping of structures, strong earthquakes cause
most structural members to exhibit stiffness and strength
degradation. Therefore, installing damping devices in certain
controlled parts of a building structure is an effective and
economical approach to improve the seismic performance of a
structure. This allows the plastic deformation of the damping
devices to dissipate most of the seismic energy and prevent
structural component damage. Tamahloult et al. [1] conducted
a study on the analysis and design of the nonlinear seismic
response of multistory buildings isolated with lead-rubber
bearings under near-field earthquake conditions. The results
indicated that the isolation system exhibited an excellent
seismic performance while satisfying the shear strain and
stability requirements. Kandemir et al. [2] employed the wavelet
coherence technology to determine the optimal size of viscous
dampers and conducted an in-depth analysis to determine
the effectiveness of application of nonlinear viscous dampers
in mitigating earthquake effects. Zhou et al. [3] investigated
the behaviour of embedded perforated steel plate composite
shear walls under seismic loading, revealing significant energy
dissipation capabilities of the structural system. Buckling-
restrained bracing is a suitable choice forimproving the stiffness
of structures and dissipating energy via damping. Clark et al.
[4] conducted three large-scale buckling-restrained bracing
experiments that provided a technical brace for the structural
design and construction of the first building with buckling-
restrained bracing in the United States. Luo et al. [5] and Cheng
at al. [6] demonstrated through experiments and simulations
that a buckling-restrained energy-dissipating brace can
provide sufficient lateral stiffness and stable energy dissipation
capacity for a structure. The greater the ratio of the yield load
of the buckling-restrained energy-dissipating brace to the
weight of the structure, the longer the structural period, and the
more significant the effect of the buckling-restrained energy-
dissipating brace. Li et al. [7] utilised domestic Q235B steel to
fabricate buckling-restrained energy-dissipating braces and
experimentally validated their stiffness and energy dissipation
capabilities. Despite their effectiveness,
the manufacturing processes of these
brace components are relatively
complex. Baird et al. [8] investigated
the passive energy-dissipation effects
of U-shaped steel plates used as
connected buckling dampers. Building
on this foundation, Chen et al. [9]
developed a telescopic buckling brace
using U-shaped steel plates. However,
these dampers exhibited the drawback
of asymmetric reciprocating bearing
forces after vielding. Consequently, as

connecting end plate

core plate

substitutes for U-shaped curved plates, this study proposes
the use of elliptical steel pipes arranged in series and parallel
to develop a telescopic buckling brace. The effectiveness of
the developed brace is evaluated in passive seismic energy
dissipation within a structure.

2. Telescopic buckling brace design
2.1. Telescopic buckling brace

The core structure of a telescopic buckling brace is shown in Figure
1. The connecting endplates with mounting holes on both sides
were connected to the structural members, producing a relative
displacement to form a lateral force-damping energy-dissipation
system. When the telescopic buckling brace member was under
tension or compression, the connecting end plates at both ends
caused the outer-frame steel plate and core plate to slide relative
to each other into the gap because of the elliptical steel pipes
connecting them. Displacement was generated, and the bending
yield of the arc section of the elliptical steel pipe was effectively
utilised, providing effective damping and energy dissipation.

2.2, Theoretical analysis of telescopic buckling
brace

Kelly et al. [10] derived the following equations for the vyield
bending moment and bearing capacity of an arc section of a
semicircular steel plate, as shown in Figure 2.a:

f bt

M, = (1)
oM, £t

=D = (2)

where M, is the vield bending moment at the arc section, Fis
the yield force at the arc section, fV is the yield strength of the
steel, D, is the diameter between the thickness centres of the
arc section, b, is the Width of the U-shaped steel plate section,
t is the thickness of the arc section, and r, is the radius of the
arc section centre.

outer frame steel

connecting end plate

oval steel pipe

Figure 1. Structure of the telescopic buckling brace
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Figure 2. Mechanical analysis of arc section: a) Schematic diagram of forces on arc section; b)

schematic diagram of arc section deformation

Under the action of force F, the semi-circular steel plate
underwent a bending deformation that was consistent with
that of a flat section. That is, when the outer edge of the arc
section undergoes compression or elongation deformation (A),
the inner edge of the arc section must also produce elongation
or compression deformation (A ), as shown in Figure 2.b. Thus,
the geometric relationship shows that the maximum strain is
equal to thickness divided by diameter.

Emax = 3)

The vyield displacement () of the arc-shaped section of the
semicircular steel plate can be calculated by the energy method
according to Castigliano’s second theorem, Liu [11]:

P

= (4)

The strain energy U in Eg. (4) is mainly produced by bending
and can be calculated using the integral of the squared bending
moment, Liu[11]:
2
_ (M%)

U=
) 2FI )

where E is the modulus of elasticity of the steel and /is the
moment of inertia of the section of the steel plate, defined as
I=bt?/12.

As shown in Figure 1.3, the bending moment (M(6)) of the arc
section at angle 06 between the semicircular steel plate and the
end is obtained as follows:

M(0) = For,(1—cos 0) + F,r, (6)

Egs. (5) and (6) were substituted into Eq. (4) to obtain the
following expression for the yield displacement A :

A :j- o [For,(1-cos @) +F.r,I°

y r,00
) oF 2E/
_27zF.D}  27xf,D: )
- 16Ebt°  32Et,
Therefore, the initial stiffness (k ) can be defined as follows:
3
k, = Fo _16Eb, [ 1, 8)
A, 27z D,

The vield bearing capacity (F), vield
displacement (AV), and initial stiffness k,
of the telescopic buckling brace shown in
Figure 1 are calculated as follows:

R onr A
& ) (9
27D} o)
Y 32kt
. _32nEb, (1,
* 27z \D,
3 (11)
_1.2nEb, (¢,
T D,

where nis the number of oval steel pipes.

To ensure the effective application of the damper and to
prevent damage to the steel plate from excessive deformation
and overloading, the following limits were established for
the ultimate bearing capacity (F, hardening coefficient was
1.4) and ultimate displacement (A ) of the steel during design
calculations:

F=14F, (12)

=30, (13)

The force-displacement skeleton curve is based on the
Ramberg-0sgood model (Chegini, [12]):

R-1
A:F[1+(FJ ] (14)
Kk, Fy
R = 7.1|n[;"u]+29.5 (15)

where R is a dimensionless parameter that determines the
shape of the curve.

2.3. Experiment and numerical analysis

To verify the hysteretic energy dissipation performance of the
telescopic buckling brace shown in Figure 1, experiments were
conducted using a U-shaped steel plate test model (Chegini
[12]) and finite element simulations of half of the symmetric
elliptical steel pipe. In the finite element model shown in
Figure 3, the radius (r) of the U-shaped steel plate was 65
mm, thickness (t) was 6 mm, width (b) was 150 mm, length
(/) was 220 mm, and the diameter of the two bolt holes was
16 mm. The steel was modelled using an elastoplastic double-
broken-line strengthening model (Figure 3.c). The steel grade
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was G300, elastic modulus E was 205 GPa, Poisson'’s ratio
v was 0.3, yield strength fy was 320 MPa, and hardening
coefficient was 1.4.

)
4

Figure 3. U-shaped steel plate and finite element method (FEM)
model: a) U-shaped steel plate (Chegini [12]); b) FEM model;
c) Stress-Strain Relationship of Steel

The calculation results are shown in Figure 4. The
skeleton line results from the experiments, finite element
simulations, and theory are essentially the same. The
theoretical calculation of the skeleton curve can be utilised
to determine the component design parameters by omitting
2n from equations (9) and (11). Additionally, finite element
analysis can serve as a substitute for experimental testing
in simulations. Therefore, the finite element model of the
telescopic buckling brace shown in Figure 1 was established
for the low-cycle reciprocating numerical experiments, as
shown in Figure 5.

............. Experiment
- ——FEM
e Theory

Force [kN]

Displacement [mm]

Figure 4. Comparison of hysteresis curves.
method

FEM, finite element

Figure 5. Finite element method (FEM) model of scalable buckling-
restrained brace

An elliptical steel pipe was fabricated by connecting two semi-
circular steel plates with diameters (Du) of 120 mm, thicknesses
(t) of 22 mm, and widths (b) of 50 mm through a steel plate
with a length (/) of 180 mm. Steel grade was Q345, the elastic
modulus (£) of the steel was 206 GPa, the Poisson'’s ratio (v) was
0.3, and the yield strength (f) was 345 MPa. An elastic-plastic
double-line strengthening model ( Figure 3(c) ) was adopted, and
the strengthening coefficient was 1.4. The calculation results
are presented in Figure 6. The outcomes of the finite element
analysis are largely consistent with the theoretical skeleton
curve derived from equations (9) to (13). In the SAP2000
program (SAP2000 Technical Guide and Engineering Application,
2018), the theoretical parameters were employed to configure
the Wen plastic link element to simulate the damper, as shown
in Figure 1. The ratio of the post-yield stiffness to the elastic
stiffness was set to 0.1, and the exponent index was assigned a
value of 6. The simulation results are presented in Figure 6. The
hysteresis curve simulated by the link element is similar to the
finite element calculation results. In the structural model, a link
element can be used instead of a damper for the calculations
and simulations.

Pavay

FEM
=@ Theory
= = = =Llink

Force [kN]

400

Displacement [mm]

Figure 6. Force-displacement hysteresis curve of damping device.
FEM, finite element method

3. Seismic performance of telescopic buckling
brace frame structure

3.1. Design of telescopic buckling brace

A five-story reinforced concrete frame brace structure was
designed according to the Chinese building structure design
codes [14, 15]The plan layout included six vertical spans
with a column spacing of 9 m and three horizontal spans
with column spacing of 6.9 m, 3, and 6.9 m. The height of the
ground floor was 4.5 m, while those of the other floors were
3 m. The floor and roof constant loads were both 5.5 kN/m?,
and the floor and roof live loads were 3.5 kN/m? and 2.0 kN/
m?, respectively. The concrete strength grade was C30 and
the steel reinforcement grade was HRB40O0. The seismic
fortification intensity of the structure was eight degrees (0.2
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g), the site category was Class Il, and the design earthquake
group was Group 1.

Folic et al. (2023) introduced a novel approach for assessing
the earthquake response of five-story reinforced concrete
(RC) frame system buildings, leveraging European codes
by examining various damage index models. To investigate
the seismic performance of telescopic buckling braces
within frame structures, this study replaces the braces in
the aforementioned RC frame structure (model-1) with
telescopic buckling braces, thereby establishing model-2
(as illustrated in Figure 7). An elastoplastic dynamic time-
history analysis was employed to evaluate the seismic
responses of both model-1 and model-2 under the
influence of the three seismic waves. In these models, the
frame beams and columns are represented by fibre beam
elements, braces by rod elements, floors by layered shell
elements, and dampers are modelled using connecting
elements. The first two natural frequencies of the models
presented in Table 1 revealed similar fundamental periods,
suggesting that the lateral stiffnesses of the two models
were essentially equivalent.

Figure 7. Elastic-plastic analysis models: a) Model 1; b) Model 2

Table 1. Basic periods of model-1 and model-2

Model Model 1. Model 2. | Razlika [%]
T, 0,79 0,76 38
Temeljni period (s)
T2 0,74 0,72 2,7

3.2. Selection of seismic waves

According to the Code for the Seismic Design of Buildings [15],
the three seismic waves shown in Figure 8 were selected. The
comparison between the seismic wave response spectrum and
the design response spectrum in the code at a 5 % damping
ratio between 0.73 s and 0.8 s is shown in Figure 9. The three
selected seismic waves satisfied the relevant code regulations.

3

2: |

g \
E ‘
e R el Rl
= ,|‘ \‘u‘l,{ L ~,"||'|lu‘ “H”il
4 "
% -1 ¢ : | 30
< 2l
— Elcentro
i3 —— Tangshan
Time[s] — San Fernando

Figure 8. Time-history curves of three seismic waves

4

—— (Code’s response spectrum
—— Elcentro
—— Tangshan

—— San Fernando

Acceleration [m/s?]

Period [s]

Figure 9. Response spectrum, a (m/s?), seismic influence coefficient

3.3. Seismic performance of telescopic buckling
brace frame structure

3.3.1. Floor displacement and inter-story displacement
angle

The maximum floor displacements of the structure under the
action of the three seismic waves are shown in Figure 10.
As shown in Figure 10.a3, under a design earthquake and a
maximum considered earthquake (the design values of seismic
acceleration with two probabilities of exceedance in the 50-year
design reference period: 10 % for a design earthquake and 2 % for

GRADEVINAR 77 (2025) 6, 583-591
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a maximum considered earthquake), the vertex displacements
in the X-direction of model-1 were 73.2 mm and 146.3 mm,
respectively, and the corresponding values of model-2 were
56.1 mm and 115.8 mm. The values of model-2 were 23.4 % and
20.8 % lower than those of model-1, respectively. As shown in
Figure 10.b, under design earthquake and maximum considered
earthquakes, the vertex displacements in the Y-direction of

a) 5
Design earthquakes r

S S
o o
[ [
2 -
1 —t— Model 1
—& Model 2
0 :
0 20 40 60 80
Floor displacement [mm]
b) 5 - T p
Design earthquakes
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st A :
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Figure 10. Maximum floor displacement under
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Figure 11. Maximum story drift angle under three seismic waves: a) X-direction; b) Y-direction

model-1 were 74.1 mm and 148.2 mm, respectively, and the
corresponding values of model-2 were 59.8 mm and 120.6
mm. The values for model-2 were 19.3 % and 18.6 % lower than
those for model-1, respectively.

The maximum story drift angles of the structures under the
action of the three seismic waves are shown in Figure 11.
As shown in Figure 11.a, under the fortified and maximum

considered earthquakes, the maximum
story drift angles in the X-direction of
model-1 were 0.0058(1/172)and 0.012
(1/83), and the corresponding values
for model-2 were 0.0045 (1/222) and
0.0092 (1/109), respectively. The values
for model-2 were reduced by 22.4 %
and 23.3 %, respectively, compared with
those for model-1, respectively. As
shown in Figure 11.b, under the fortified
and maximum considered earthquakes,
the maximum story drift angles in the
Y-direction for model-1 were 0.0054
(1/7185) and 0.011 (1/91), and the
corresponding values for model-2 were
0.0047 (1/213) and 0.0095 (1/105),
respectively. The values for model-2
were reduced by 13 % and 13.6 %,
respectively, compared to those for
model-1, respectively. The numerical
results indicated that the telescopic
buckling brace effectively reduced
the maximum floor displacement and
story drift angle of the structure under
the action of fortified and maximum
considered earthquakes.

3.3.2. Base shear-vertex
displacement curve

As shown in Figures 12 and 13, under
the action of strong earthquakes,
the base shear-vertex displacement
hysteresis curve for model-2 was
fuller than that for model-1, and the
dissipation of seismic energy was
better. Under the fortified and maximum
considered earthquakes, the maximum
base shear forces for model-1 in the
X-direction were 22262 and 44525 kN,
respectively, and the corresponding
values for model-2 were 13611 and
26091 kN, respectively. The values for
model-2 were 38.8 % and 41.4 % lower
than those for model-1, respectively.
Under the fortified and maximum
considered earthquakes, the maximum
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the damping energy consumption in
Figure 13. Base shear-vertex displacement curve of model-2: a) X-direction; b) Y-direction the X-direction of model-1 accounted

for 64.9 % and 67.9 % of the total input
base shear forces in the Y-direction for model-1 were 17445 energy, respectively, and the corresponding values for model-2
and 34889 kN, respectively, and the corresponding values accounted for 88.5 % and 96.5 % of the total input energy,
for model-2 were 13379 and 24773 kN, respectively. The respectively. The energy consumption values for model-2 were
values for model-2 were 23.3 % and 29 % lower than those for 36.4 % and 42.1 % higher than those for model-1, respectively.
model-1, respectively. The numerical results indicate that the Under the action of the fortified and maximum considered
telescopic buckling brace can effectively reduce the seismic earthquakes, the damping energy consumption for model-1
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Maximum considered

its capacity to dissipate earthquake
energy is significant. Under strong
earthquakes, the foundation shear
force and apex displacement of a
structure can be effectively reduced.

- Under the design and maximum
considered earthquake conditions,
compared with the traditional
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in the X and Y directions of the
structure were significantly reduced
using telescopic buckling braces
(model-2). This indicates that the
brace effectively enhanced the lateral
stiffness and seismic performance of
the structure.

__earthquakes

= model - 1

—& model - 2

a) 90 100
80 -
= 6ol =
% ‘ B ©
o] s o
b= Désign earthquakes €
a i a 40
g ¥ 5
o == model - 1 = 20
i —= model -2 |
0 1 1 i I 1 o U 1 1
0 5 10 15 20 25 30 0 5 10
Time[s]
b) 90 100
= 60 =
[ [
80 80
] Il
= =
= c
a1 T
e == model - 1 e
i —& model - 2 5
0 1 1 1 1 o U I
0 5 10 15 20 25 30 0 5 10

Time[s]

Figure 15. Average values of the ratio of the damping energy consumption to the input energy:

a) X-direction; b) Y-direction

in the Y-direction accounted for 65.9 % and 68.8 % of the total
input energy, respectively, and the corresponding values for
model-2 accounted for 88.7 % and 96.4 % of the total input
energy, respectively. The values of energy consumption for
model-2 were 34.6 % and 40.1 % higher than those for model-1,
respectively. The numerical results indicated that the telescopic
buckling brace could play a beneficial role in damping and energy
dissipation.

4, Conclusion

In this study, a telescopic buckling brace was investigated and its
design methodology was proposed. The accuracy of the design
was validated through a finite element analysis combined
with existing experimental data. The seismic performance of
telescopic buckling-braced-frame structures was examined
using an elastoplastic dynamic time-history analysis method.
The main conclusions are as follows:

- Theoretical analysis and numerical simulations indicated
that the telescopic buckling brace could effectively utilise
the bending vield of the curved section of an elliptical steel
pipe when subjected to tension or compression, thereby
demonstrating excellent damping and energy dissipation
performance. The hysteretic curve of the brace is robust and
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