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Abstract. The combined seismic energy dissipation of BRB and VD in ultra-high seismic zones leverages their strengths, producing a hybrid
damping system with excellent performance and significant application potential. Although the potential of such combined damping systems in
seismic design is widely recognized, the lack of a clear methodology for coordinating their distinct stiffness and damping mechanisms remains a
major barrier to their effective implementation. To solve the compatibility issue between the two technologies, we perform a series of computational
analyses of reinforced concrete frame structures equipped with BRB-VD combined systems in ultra-high seismic zones. The analysis determines
key parameters, including the nominal lateral stiffness ratio K of BRBs and the additional damping ratio &, provided by VD. As a result, the
K-&, relationship charts illustrating the compatibility between the two dampers under different seismic design groups in ultra-high seismic zones
are developed, eliminating the inconvenience caused by multiple iterations based on the response spectrum design method. The accuracy and
practicability of the K-£, relation charts for combined seismic energy dissipation design are further validated through engineering examples,
providing a convenient manual calculation tool for structural engineers and offering valuable references for similar high-seismic regions around
the world.

Keywords: combined seismic energy dissipation; buckling-restrained braces; viscous dampers; performance-based seismic design; damper
compatibility; the K-&, relationship charts.

1. INTRODUCTION and design, and it is necessary to consider how to match the
two types of dampers to achieve optimal performance in seis-
mic energy dissipation. The research on the compatibility and
application of the two types of dampers in combined seismic en-
ergy dissipation structures is not yet mature. Lan [6] conducted

Ultra-high seismic intensity zones refer to regions where ground
motion intensity (typically represented by peak ground acceler-
ation, PGA, or seismic intensity) reaches or exceeds the highest
thresholds. With reference to seismic design codes from Eu-

rope [1], the United States [2], Japan [3], Iran [4], Turkey [S], @ finite element calculation study on reinforced concrete struc-
and other countries, such areas are defined as ultra-high seis- tures with combined seismic energy dissipation using BRBs and

mic intensity zones. In such zones, the individual application of ~ ¥D$. and carried out a preliminary study on the collaborative
buckling-restrained braces (BRBs) or viscous dampers (VDs) working mechanlsm'of the two dampers. T'he‘ res'earch results
presents significant limitations. Although BRBs are effectivein ~ SPOW that. the (?omblned seismic energy dissipation structure
limiting structural lateral deformations, their seismic energy dis- ~ ¢an effectively improve the seismic performance. Alemdar [7]
sipation capacity is relatively limited. Conversely, VDs demon- 1gvest1gated the. w.ork}ng performance of BRB and VD com-
strate high efficiency in energy dissipation but contribute mini-  °ined energ.y—dlss.lpatlon under frequent, moderate, and rare
mally to limit lateral deformations. By integrating BRB and VD §arthquak§ Intensity levels.' Hansu [8] evaluated steel frz.lmes
technologies, a hybrid damping system can be developed that ~ Incorporating BRBs and viscous .dampe.rs through .non'hn('aar
leverages the respective advantages of each device, resulting t1me-hlstory.analy.ses,. demonstra.tlng their efﬁcac.:y in signifi-
in a superior seismic energy dissipation system with enhanced ~ cantly reducing seismic deformations and enhancing structural
overall performance. At present, seismic energy dissipation of serviceability. Castellano. [9] conducted experlments on rein-
buildings mainly focuses on the application of a single type of ~ forced concrete frames with BRB-VD combined systems, com-
damper. The structure with combined seismic energy dissipa-  Paring them to undamped frames. The results demonstrated the

tion using two types of dampers is rather complex in analysis superior seismic performance of the combined system, confirm-
ing its effectiveness. Chen [10] discussed design methodologies

for BRB-VD combined systems, detailing their implementation
*e-mail: lanshuwei2000@163.com and comparing their performance to the standalone BRB or VD
systems. Their studies validated that combined systems pro-
vide both improved displacement control and reduced seismic
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shear demands. Sun [11] explored BRB-VD combined appli-
cations in practical engineering, showing that hybrid damper
systems outperform single-damper systems in metrics such as
cross-sectional dimensions, seismic shear forces, and steel con-
sumption under identical inter-story drift ratios, thereby more
effectively achieving targeted seismic energy dissipation objec-
tives. Guo [12] applied BRBs and VDs in a coordinated manner
to the seismic reinforcement of existing buildings. The former
provides a certain rigidity for the structure and limits the inter-
story displacement of the structure within the allowable level
of the current seismic code, while the latter is used to reduce
seismic action and ensures that the original reinforcement meets
the requirements of the current code. This combined approach
resulted in a significant enhancement of the seismic perfor-
mance of a building. Miani [13] evaluated the seismic retrofit
of irregular RC buildings using BRBs and viscous dampers,
demonstrating their effectiveness in enhancing energy dissi-
pation and torsional stiffness. Magar Patil [14] implemented
a hybrid damping system combining viscous fluid dampers
and buckling-restrained braces in a modified steel moment-
resisting frame. This combined system significantly enhanced
seismic performance, effectively improving lateral strength and
mitigating displacement responses across all levels of seismic
analysis. Javaid [15] studied the seismic performance of steel-
reinforced concrete frames and reinforced concrete frames with
BRB and VD types of dampers for seismic energy dissipa-
tion and compared and analyzed the seismic energy dissipation
effects of the two types of dampers. Yang [16] investigated
the application of a hybrid damping system, combining BRBs
and VDs, in precast frame and steel frame structures, respec-
tively. Cai [17] proposed a displacement-based design method
for steel frames with hybrid BRB and VD systems, demonstrat-
ing its effectiveness in optimizing damper capacities and con-
trolling drifts, though performance varies with seismic intensity
levels.

This approach achieved complementary advantages, enabling
the structures to fulfill multi-level seismic design objectives
and demonstrating effective seismic energy dissipation perfor-
mance. While the above-mentioned research has made valuable
contributions to the field of combined seismic energy dissi-
pation, they still exhibit notable limitations. Most studies on
BRB and VD combined seismic energy dissipation mainly fo-
cus on the energy dissipation effect, with in-depth analyses
of the collaborative and compatibility principles between the
two damper types under complex loading conditions remain-
ing scarce. Moreover, prevailing design methodologies largely
rely on iterative trial calculation processes based on response
spectrum analysis, lacking universal guidelines for compatible
damper design. Furthermore, research on the applicability and
optimal design of this combined system for ultra-high seismic in-
tensity zones with peak ground acceleration @ > 0.4 g is exceed-
ingly limited, and relevant literature is rarely reported, thereby
hindering its broader implementation in these extreme seismic
conditions. Addressing the currently unclear working mecha-
nisms and compatibility principles of the two damper types in
combined seismic energy dissipation structures, this study fo-
cuses on a reinforced concrete frame structure located in a region

with a peak ground acceleration of 0.4 g. A seismic energy dis-
sipation scheme of combined BRBs and VDs is adopted, and a
series of computational analyses are conducted to investigate the
working mechanisms and compatibility relationships between
the two damper types. A general chart defining the optimal col-
laborative working compatibility of the two types of dampers
in combined seismic energy dissipation is developed, helping to
avoid the inconvenience of iterative trial calculations required
by the conventional response spectrum design method. These
charts provide direct and reliable theoretical tools for seismic
design in the ultra-high intensity zone, significantly enhancing
the design feasibility and engineering applicability of hybrid
damping systems while advancing performance-based seismic
design practices.

2. WORKING PRINCIPLE OF COMBINED BRB AND VD
SEISMIC ENERGY DISSIPATION SYSTEMS

The use of BRBs and VDs for seismic energy dissipation in-
volves installing two distinct types of dampers on the structure at
the same time. The buckling-restrained brace (Fig. 1a) provides
structural stiffness and effectively limits lateral deformations,
helping the structure remain elastic and stable during frequent
earthquakes. Under moderate and rare earthquakes, the BRB is
designed to yield before the main structure, thereby dissipating
the energy. The viscous dampers (Fig. 1b) are primarily em-
ployed to mitigate seismic forces, enabling both components to
fully leverage their respective advantages. Through synergistic
interaction under seismic excitation, they facilitate phased en-
ergy dissipation and collectively enhance the structural seismic

performance.
beam

Damping Wa:ll: )
iisl VD

beam

Column

column

(a) Buckling-restrained brace (b) Viscous damper

Fig. 1. Schematic diagram of a damper

2.1. The nominal lateral stiffness ratio of the bucking
restraint brace, K

Zhang [18] proposed the concept of nominal lateral stiffness
ratio, which is the ratio of the elastic lateral stiffness K; of the
buckling-restrained braces t to the elastic lateral stiffness Ky of
the frame, viz:

K=K,/Ky. (1)

When the bucking restraint brace is a monoclinic arrangement
(Fig. 2a) Kp = Kpe cos2 9; when the bucking restraint brace is a
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herringbone arrangement (Fig. 2b) Kj, = 2Kp, cos2 6, where Kp,
is the axial stiffness of the bucking restraint brace. The nominal
lateral stiffness ratio K is an important parameter for determin-
ing the cross-sectional area of the core unit of the buckling-
restrained brace in the seismic design of the structure.

(a) Monoclinic BRB

(b) Herringbone BRB

Fig. 2. Schematic diagram of two types of BRB

2.2. Equivalent damping ratio of combined energy
dissipation structures

According to the Code for Seismic Design of Buildings [19],
the effective damping ratio of the energy dissipating components
attached to the structure is calculated by the formula:

Ea= ) Wei/(4nWy), @)
J

where W, ; is defined as the energy dissipated by the j-th energy
dissipation device undergoing one complete cycle at the antici-
pated inter-story drift of the structure; Wy is defined as the total
strain energy of the structure equipped with energy dissipation
devices at the expected displacement.

Under frequent earthquakes, both the structure and the
buckling-restrained brace remain elastic, and only the viscous
dampers act as the sole source of energy dissipation, at which
time the equivalent damping ratio of the structure is:

feit = o+ a1 = o+ ) Wej [ (47W,). 3)
J

Under moderate and rare earthquakes, the structure will enter
the elastic-plastic deformation stage. At the time, both viscous
dampers and buckling restraint bracing are involved in energy
dissipation. For viscous dampers, the energy is dissipated one
cycle after the structure enters the elastic-plastic stage. The ad-
ditional damping ratio of the viscous damper &, can be deter-
mined by substituting it in (2). According to reference [20], the
additional damping ratio of the buckling restraint bracing to the
structure is obtained as &47:

n

Ein= Z lfi.eqhiai z”: GiH;
=

NG

i=1

n n
/Z [hiei ZG,Hi
i=1 j=i

where #; is defined as the height of the i-th floor of the structure;
H; is the calculated height of the i-th floor; G; is defined as the
gravity load of the i-th floor; 6; is defined as the displacement
angle between the i-th floors; &; 4 is defined as the additional
effective damping ratio of the i-th floor of the structure; at this
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time, the equivalent damping ratio of the structure is:

i =&0+tEan1téan. )

Current design codes provide methodologies for calculating the
nominal lateral stiffness ratio of buckling-restrained braces and
the equivalent damping ratio of the structure. However, their
engineering implementation remains challenging. The determi-
nation of the stiffness ratio is sensitive to the brace sectional de-
sign and requires multi-parameter coordination. Furthermore,
estimating the equivalent damping ratio involves a complex,
displacement-dependent procedure that must account for stage-
wise elastoplastic behavior and the coupled energy dissipation
of the damping system. This reliance on difficult-to-predict pa-
rameters leads to a protracted and inefficient iterative design
process. Therefore, establishing a straightforward and practi-
cal design alternative is imperative to improve the efficiency
and reliability of applying combined seismic energy dissipation
structures.

3. RESEARCH METHODOLOGY FOR THE COMPATIBILITY
OF BRB AND VD COMBINED ENERGY DISSIPATION
STRUCTURES

According to the Chinese seismic design code, the compatibil-
ity between the two types of dampers involved in the combined
energy dissipation of structures varies with different seismic
intensities and different seismic groupings, and therefore con-
crete frame structures with BRB and VD combined seismic
energy dissipation are designed in the ultra-high intensity zone
(@ = 0.4 g) under the Class II site, corresponding to seismic
groupings of Group II and Group III. The investigation is illus-
trated in detail in Fig. 3.

The compatibility between the two types of dampers and the
structure may vary depending on the number of stories and the
lateral stiffness of the structure. Three types of concrete frame
structures with three, six, and nine floors are designed, respec-
tively. For each frame height, five levels of lateral stiffness are
considered, corresponding to inter-story drift limits of 1/300,
1/350, 1/400, 1/450, and 1/500, resulting in a total of fifteen
structural models. The models are named according to the rule
illustrated by “3FS300”: where “3” denotes the number of sto-
ries, and “300” indicates the inter-story drift limit of 1/300. The
full set of models includes: 3FS300, 3FS350, 3FS400, 3FS450,
3FS500, 6FS300, 6FS350, 6FS400, 6FS450, 6FS500, 9FS300,
9FS350, 9FS400, 9FS450 and 9FS500. The lateral stiffness of
the primary structure varies uniformly along the height, with
comparable stiffness in both principal directions and no signif-
icant weak story. The dampers are arranged according to the
principles of “uniformity, dispersion, and symmetry”. In the
vertical distribution, dampers are first assigned to the story with
the maximum inter-story drift angle. This placement process
is repeated iteratively until all dampers are allocated, with the
exact number determined based on specific structural require-
ments.
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Research on the compatibility of
~_ BRBand VD combined
seismic energy dissipation structures

Building a benchmark model library for
seismic energy dissipation analysis

Design of analysis model
variable parameters

Structural height: Mafilriglrgsisnlt?fsltjory
3-story, 6-story, and displacement angle
9-story 1/300~1/500

‘ Parametric| analysis ‘

Earthquake grouping:
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15 basic models of RC frame structures
established using China Yingjianke
finite element calculation software
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stiffness ratio K ratio &,
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‘ K-y relationship graphs ‘ ‘ &a-Vo relationship graphs‘

f

The value of nominal The value of additional
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| |
'

Control objective:
Maximum inter-story displacement anglelwe—|
15 basic models of RC frame structures

Verification of Compliance inspection
seismic Energy The K-&, relation chart with specifications

dissipation effect requirements

Compatibility|
analysis

Fig. 3. The roadmap of relevant compatibility analysis research

3.1. Determination of the value of the nominal lateral
stiffness ratio K

The nominal lateral stiffness ratio K of buckling-restrained brace
is set to take a set of values: 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.8, 1.0, 1.5, 2.0, 3.0, and according to this, fifteen concrete
frame structure models are calculated under different seismic
groupings of the ultra-high intensity zone (@ = 0.4 g), and the
buckling restraint braces are arranged in the maximum story
displacement, with the top and bottom arranged successively.
The maximum change in inter-story displacement angle is taken
as the control target. The buckling restraint bracing is arranged
at the maximum floor displacement, and the upper and lower
floors are arranged consecutively, with the change of the max-
imum inter-story displacement angle as the control target. The
relationship between the nominal lateral stiffness ratio K and
the change of the maximum inter-story displacement angle vy is
calculated, see Figs. 4 and 5.

As shown in Figs. 4 and 5, when K < 1.0, the maximum
inter-story displacement angle of the floor decreases more sig-
nificantly, and the efficiency of the damper stiffness increases

0.0035 ‘ —a—3FS300—e— 6FS300—o—9FS300

—e—3FS350—>—6FS350——9FS350
—4—3FS400—e— 6FS400—<—9FS400
v—3FS450 6FS450—+—9FS450
+—3FS500—e—6FS500 9FS500

0.0030
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0.0020

0.0000 +--—r——T——T1-"-—"T""—"T"""T""T""T""T"T"T"T"T"T"
0.0020406081.01214161.82.0222.42.62.83.0
The normal lateral stiffness ratio K

The maximum inter-story displacement angle y

Fig. 4. Group Il relationship graphs of the normal lateral stiffness ratio
and maximum interlayer displacement angle
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- :

£ 0.0005 -
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2 00020406081.01.21.41.61.82.02.22.42.62.83.0
=

The normal lateral stiffness ratio K

Fig. 5. Group III relationship graphs of the normal lateral stiffness ratio
and maximum interlayer displacement angle

with the growth of the K value. In contrast, when K > 1.0, the
maximum inter-story displacement angle of the floor tends to
change slightly, and the efficiency of the damper stiffness does
not change significantly with the increase of the K value. Un-
der this condition, adding more buckling-restrained braces has a
limited effect on restraining structural lateral displacement and
may not lead to further reductions in displacement. Moreover,
the efficiency of stiffness utilization remains low at this range.
In the combination of seismic energy dissipation, the buckling
restraint brace is used to limit the structural lateral deformations.
To ensure the efficiency of the buckling restraint brace stiffness
in combined seismic energy dissipation, the suggested nominal
lateral stiffness ratio of the buckling restraint brace is K < 1.0.

3.2. Determination of the value of the additional damping
ratio &,

A series of values of 0.00, 0.03, 0.05,0.07,0.10,0.12,0.15,0.17,
0.20, 0.22, 0.25 are set for the additional damping ratio of vis-
cous dampers under the action of frequent earthquakes, respec-
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tively, to calculate the seismic reduction calculation model of fif-
teen concrete frame structures with a single buckling-restrained
bracing (BRB) under different seismic subgroups in the ultra-
high intensity zones (o = 0.4 g), and the relationship between
the additional damping ratio & a and the change of base shear
force Vj is calculated in Figs. 6 and 7. With the change of base
shear as the control objective, the relationship between the ad-
ditional damping ratio &, and the change of base shear Vj is
calculated and shown in Figs. 6 and 7. Since the stiffness of the
structure in both directions is similar and the difference of base
shear is within 3%, only lists the X-direction base shear is pre-
sented for brevity. The base-shear values in all figures therefore
correspond to the X-direction.

60000
? —=— 3FS300—<— 6FS300——9FS$300
S 55000 —e— 3FS350——6FS350——9FS350
> —a— 3FS400—e— 6FS400—<—9FS400
g 50000 —v— 3FS450—4— 6FS450—<—9FS450
O | c—
< 45000 —+— 3FS500—e— 6FS500——9FS500
<
[}
2 40000
(]
% 35000
=

30000

25000
20000
15000

10 12 14 16 18 20 22 2425
The additional damping ratio &a/ %

Fig. 6. Group Il relationship graphs of the additional damping ratio and
base shear force

Z 57;(5)888 —=— 3FS300—¢—6FS300—o—9FS300
= —e— 3FS350—>—6FS350——9FS350
> 70000 —a— 3FS400—e— 6FS400—<—9FS400
8 65000 —¥—3FS450—*—6FS450—<—9FS450
£ 60000 ——3FS500—e— 6FS500——9FS500
5 55000 \\ h
- 50000 P
M 40000 § i e
35000 ~N—
30000 B = — ——
25000 R
20000
15000
10000 + —

10 12 14 16 18 20 22 2425
The additional damping ratio &a / %

0 2 4 6 8

Fig. 7. Group III relationship graphs of the additional damping ratio
and base shear force

As shown in Figs. 6 and 7, with the increase of the addi-
tional damping ratio, the base shear gradually decreases. When
&4 < 18%, the base shear reduction is more obvious, and the
damper damping efficiency improves with the increase of &,.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 74, no. 2, p. €157319, 2026

However, when &, > 18%, the change of the floor base shear
tends to flatten out, and the damping efficiency of the damper
does not change much with the increase of the &, value, and the
effect of seismic reduction is not obvious. Under such condi-
tions, adding more viscous dampers results in only a marginal
reduction in structural base shear. Therefore, the recommended
additional damping ratio &, for viscous dampers in combined
seismic energy dissipation structures is &, < 18%.

3.3. Determination of the compatibility relationship
between nominal lateral stiffness ratio and additional
damping ratio

To ensure the efficiency of both the buckling-restrained braces
and the viscous dampers, it is recommended that for reinforced
concrete frame structures with combined seismic energy dissi-
pation systems in ultra-high seismic intensity zones (@ = 0.4 g),
the nominal lateral stiffness ratio of the BRB should not exceed
1.0, and the additional damping ratio provided by the viscous
dampers should be limited to 18%.

Based on the fifteen concrete frame models designed for ultra-
high seismic intensity regions, analyses are conducted to control
the maximum inter-story drift angle within code-specified lim-
its under different earthquake groups. Using the nominal lateral
stiffness ratio K of the buckling-restrained braces as the variable
parameter, the corresponding additional damping ratio &, to be
provided by the viscous dampers is determined. The resulting
paired values of K and &, are subsequently verified under both
moderate and severe intensity levels. The verification results
confirm that the selected parameters satisfy the structural perfor-
mance objectives, demonstrating effective and well-performing
seismic energy dissipation. With K as the horizontal axis and
&, as the vertical axis, the data are plotted to generate the K-&,
relationship diagrams (Figs. 8 and 9), which characterize the
compatibility between buckling-restrained braces and viscous
dampers in reinforced concrete frame structures with combined
seismic energy dissipation.

X 18

= —=—3FS300—+—G6FS450
316 —o—3FS350—e—G6FS500
2 —4—3FS400—a—9FS300
s 14 —p—3FS450=—+—9FS350
e . ——3FS500—<—9FS400
‘8 —t—(FS300—+—9FS450
= 10 ——G6FS350——9FS500
= —e—6FS400

g

.S

£

o

2]

(]

=

F

0.0 0.2 0.4 0.6 0.8 1.0
The normal lateral stiffness ratio K

Fig. 8. Group III relationship graphs of the normal lateral stiffness ratio
and additional damping ratio
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Fig. 9. Group III relationship graphs of the normal lateral stiffness ratio
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4. APPLICATION AND ANALYSIS

This study presents the design of a five-story commercial of-
fice building in Lancang County, Yunnan Province, China. The
structure has a reinforced concrete frame equipped with a com-
bined seismic energy dissipation scheme incorporating both
buckling-restrained braces and viscous dampers. The first and
second floors, with a story height of 3.6 m each, are designated
for commercial use, while the third to fifth floors, with a uni-
form story height of 3.0 m, are allocated for office functions. The
total building height of 16.20 m remains well below the code-
specified maximum allowable height of 24 m for this structural
type. The basic seismic acceleration is 0.4 g, belonging to the
ultra-high intensity zone, and the design seismic grouping is
Group III; the site category is Class II, and the site character-
istic period is 0.45 s. The structural floor beams and columns
have uniform cross-section changes, and there is no local load
concentration. The dampers are strategically positioned to ac-
commodate architectural functional needs and facade design
requirements, in accordance with the principles of “uniform,
dispersed, and symmetrical” layout, as illustrated in Fig. 10.

Table 1
Structural seismic energy-dissipation objectives

Seismic energy dissipation objectives
Structural Items Specification Damping
category targets
Frequent
The earth- 1/550 1/610
Reinforced| maximum quakes
concrete inter-story
frame | displacement |  Rare
structure angle earth- 1/50 1/100
quakes
Base shear / 15 percent
force reduction

Performance specifications of the proposed buckling-restrained
brace (BRB) are shown in Table 2.

,/EF% :?EB BHBRBI i BFBi-ﬁl 7
El L] ﬁ
el = Y_".% ;ﬁﬂ
m i ey
S ;'
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on
’Imé :-_@ i i —— i—l;@ Qlﬁq
e T = ‘,
V& :'
2 | BEBI-BREI BRBHBREl B
=]

£
49500

Fig. 10. Layout of dampers

Table 2
Performance specifications of buckling restraint braces
The numberof BRB BRB1
Equivalent section 10000
Yield capacity [kN] 1950
Yield displacement [mm] 6.0
Maximum output for rare earthquake [kN] 2035
Maximum axial force for frequent earthquakes [kN] 1803
Maximum displacement for a rare earthquake [mm] | 22.70

Remarks: the BRBs are arranged continuously in one and two layers, a
total of 32 pcs; Core material grade: Q235.

4.1. Determining the values of K and ¢ a for the combined
seismic energy dissipation structures

The maximum inter-story displacement angle of the non-
seismically damped structure is 1/375 (second floor), and
the maximum Y-direction inter-story displacement angle is
1/371 (second floor) in the preliminary trial calculation;
the X-direction story shear stiffness of the second floor is
13688 000 kN/m, and the Y-direction story shear stiffness is
13615000 kN/m, and there is not much difference in the inter-
story displacement angle and story stiffness in the two direc-
tions. According to the equivalent cross-section described in the
specification of BRB in Table 2, the total stiffness of buckling-
restrained brace is calculated in accordance with (1), and the ra-
tio of its total stiffness value to the second story shear stiffness is
taken to derive the nominal lateral stiffness ratio K = 0.13, which
is carried out according to the relationship graphs of K-£, in
Fig. 9. According to the 3FS350~6FS350 and 3FS400~6FS400,
the linear interpolation of the number of floors takes the addi-
tional damping ratio &, = 0.04, and the total damping ratio of
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the structure is 0.05+0.04 = 0.09. Based on this, the value un-
der the frequent earthquakes is calculated, and the maximum
inter-story displacement angle is calculated to be 1/649, which
meets the established seismic energy dissipation objectives in
Table 1.

4.2. Analysis of elastic time course under frequent
earthquakes

In the elastic time-range analysis, five natural waves and two
artificial waves are selected, and the base shear force of the
structure calculated from each time-range curve meets the code
requirements. The effective damping ratio of the viscous damper
added to the structure under frequent earthquakes meets the
requirements of the K-£&, relationship curve, Fig. 9, to find the
additional damping ratio &, = 0.04. It can be concluded that the
actual energy dissipation effect of viscous dampers meets the
preset seismic energy dissipation objectives, and the effect of
seismic energy dissipation is good.

4.3. Analysis of elastic time course under rare
earthquakes

The finite element analysis software SAP2000 is used to carry
out the elastic-plastic time-history analysis, and two natural
waves and one artificial wave are selected to carry out the cal-
culation and analysis of a total of three seismic waves, and the
maximum inter-story displacement angle of the floor obtained
from the envelope under the action of three seismic waves is
1/119, which meets the preset seismic energy dissipation ob-
jectives of 1/100. As a result, the dampers have a good seismic
energy dissipation effect. The overall seismic performance of
the structure under rare earthquakes has significantly improved.
This case study demonstrates that the combined seismic en-
ergy dissipation structures enable significant reductions in beam
and column cross-sections compared to conventional struc-
tural systems, thereby providing greater flexibility in architec-
tural space. A structure equipped exclusively with buckling-
restrained braces would require numerous BRB installations,
which would substantially compromise the open space require-
ments typical of commercial buildings. Furthermore, this ap-
proach would significantly increase structural stiffness, result-
ing in higher total seismic base shear demands compared to
the combined seismic energy dissipation structures. Conversely,
a structure relying solely on viscous dampers would necessi-
tate an impractically high additional damping ratio, leading to
a substantial increase in the number of dampers required and
consequently poor economic efficiency. In comparison to these
single-device solutions, the combined seismic energy dissipa-
tion structures incorporate considerably fewer devices of both
types. Compared to a conventional structure without damping
devices, the combined seismic energy dissipation structures not
only enhance structural stiffness and effectively limit lateral de-
formations but also reduce the total seismic base shear, a key
indicator of overall seismic action. Additionally, it achieves per-
formance outcomes at reduced construction costs while success-
fully meeting predetermined seismic performance objectives.
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5. CONCLUSIONS

1. This study systematically elucidates the combined seismic
design mechanism that integrates buckling-restrained braces
and viscous dampers for reinforced concrete frame struc-
tures subjected to ultra-high seismic intensity conditions.
The combined use of buckling-restrained braces and viscous
dampers in reinforced concrete frame structures located in
ultra-high seismic intensity zones enables full utilization of
their advantages. BRBs can effectively limit lateral deforma-
tions, while VDs contribute to efficient energy dissipation
under seismic excitation. This complementary interaction
allows the combined seismic energy dissipation system to
fulfill multi-level and multi-stage seismic design objectives,
achieving significant reductions in both structural displace-
ments and seismic shear forces. As a result, the combined
application of BRBs and VDs substantially enhances the
seismic performance of the structure.

2. The findings demonstrate that to ensure adequate stiffness
efficiency of the BRBs, the nominal lateral stiffness ratio
should be limited to K < 1.0. Meanwhile, to fully utilize
the energy dissipation capacity of viscous dampers, the
additional damping ratio is recommended not to exceed
&4 < 18%. This parameter combination facilitates an effec-
tive synergistic interaction between stiffness and damping,
thereby enhancing the overall seismic performance of the
structure.

3. A design chart based on the K-¢ a relationship reflecting
the compatibility between buckling-restrained braces and
viscous dampers is proposed. This eliminates the inconve-
nience of numerous iterative trial calculations in the previous
design method based on response spectra and provides an
intuitive and fast reference tool for the design of seismic
energy dissipation of reinforced concrete structures in the
ultrahigh-intensity zones. The accuracy and practicability
of the K- &, relationship diagram for the seismic energy
dissipation design are verified by the application examples,
which can provide a theoretical basis and practical guide for
the seismic energy dissipation design of reinforced concrete
frame structures in ultra-high intensity zones.

4. The compatibility design charts developed in this study are
specifically established for certain types of reinforced con-
crete frame structures, based on three key parameters: num-
ber of stories, lateral stiffness characteristics, and seismic
grouping categories. However, the current applicability of
these charts is subject to certain limitations. They have not
yet been extended to other structural systems, such as steel
structures or shear wall structures. Furthermore, the mod-
eling assumptions did not account for variations in story
height, joint behavior, or the extent of material nonlinearity
development, which may consequently affect their accuracy
in practical engineering applications. Future research should
focus on developing generalized design methodologies that
encompass a wider range of structural types and more com-
prehensive design parameters. Further investigation should
validate the applicability boundaries of the model across
different nonlinear phases, to enhance the adaptability and
reliability of this tool in complex engineering contexts.
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