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A B S T R A C T

This study proposes a novel design concept, referred to as the uniform damping ratio (UDR) concept, to improve
the seismic energy dissipation efficiency of damped structures with metallic yielding dampers (MYDs) by
maximizing the use of the capability of each damper. Furthermore, this new concept can simplify the design
procedure of structures with MYDs. The UDR concept implies that all installed MYDs have the same equivalent
damping ratio under dynamic excitations, which enables each MYD to be fully utilized. The UDR concept can
simplify the estimation process of the additional equivalent damping ratio of a damped structure and decouple
the stiffness and damping effects caused by MYDs, which can be designed separately. A performance demand-
oriented design procedure is presented based on the UDR concept considering the nonlinear properties of an
original structure and MYDs under an intense earthquake. The design procedure involves the following three
steps: (1) determine seismic performance demand and obtain the elastic and elastoplastic properties of the
original structure using pushover analysis; (2) determine key design parameters based on the formulae derived
under the UDR concept; (3) verify seismic performance via nonlinear dynamic analyses. In addition, a few
empirical suggestions are provided for determining the key design parameters more efficiently. A nine-story steel
frame structure with MYDs is used to exemplify the UDR-based design procedure. The seismic performance
demand of the structure with designed MYDs is achieved, and the energy dissipation capacity of all installed
MYDs is sufficiently utilized. The proposed UDR concept is found to be effective, and the procedure based on this
concept is efficient and simple.

1. Introduction

Numerous studies and engineering applications have demonstrated
that seismic energy dissipation technology [1,2] is a feasible and effi-
cient approach to mitigate seismic damage to structures and improve
their seismic performance [3–8]. The dissipation mechanism of a
structure with energy dissipation devices involves absorbing and dis-
sipating seismic input energy via dampers installed at appropriate lo-
cations in the structure [9,10]. Therefore, the dynamic response of the
structure is suppressed, protecting it from unrecoverable damage. The
energy dissipation concept has been employed in the seismic design
codes in several countries because of its positive effect on improving the
seismic performance of structures [11–13].

Various types of energy dissipation devices are currently employed
for damped structures. In particular, the metallic yielding damper
(MYD) pioneered by Kelly et al. [14] is one of the popular devices for

numerous researchers and engineers because of its simple construction,
lower cost, stable performance, and simple mechanical model [15–20].
Numerous analytical and experimental investigations have been con-
ducted on techniques to increase structural dissipation capacity via
MYDs [21–25]. Popular devices include shear yielding dampers
[26,27], bending yielding dampers [28,29], and axial yielding dampers
[30–32]. The hysteretic behavior of MYDs can be described using bi-
linear hysteretic models [33] or smooth hysteretic models (Ramber-
g–Osgood model [34] and Bouc–Wen model [35,36]). The character-
istic parameters include initial stiffness kd0, yielding force Fdy, and
yielding displacement udy, which should be appropriately determined in
the design stage [37–39]. Appropriate design theories and methods are
necessary to promote the engineering application of MYDs for energy
dissipation. The current design codes [11–13] for damped structures
have covered numerous design principles, including discussions on the
analytical models of dampers, performance demand [20,40], and
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analytical methods for the seismic response of structures. Moreover, a
large number of researchers have proposed different design methods
based on different design principles [41–45]. For example, the Japan
Society of Seismic Isolation recommends using the damping perfor-
mance curve of a single-degree-of-freedom (SDOF) system to determine
the design parameters of dampers [46]. Lee and Kim [47] proposed a
design procedure based on the capacity spectrum method for the
seismic retrofit of building structures with MYDs. Benavent-Climent
and Mota-Páez [48] proposed an energy-based procedure to determine
the strength, stiffness, and energy dissipation capacity of dampers,
wherein the main structure largely remained in the elastic stage.
However, the main structure can exhibit plastic behavior under mod-
erate and severe earthquakes; hence, considering the plastic behavior of
the main structure in practical design is reasonable. This was typically
neglected in the abovementioned methods. Accordingly, an improved
performance-based design method considering the inelastic behavior of
the main structure has been proposed to resolve this issue [49–53]. Lin
et al. [51] proposed a direct displacement-based design method and
derived design equations to determine the equivalent linearized para-
meters of various dampers. However, the damping ratio of the dampers
was determined based on experience. Shen et al. [54] proposed a design
method for a structure with MYDs based on the elastoplastic response
reduction curve. As the accumulated energy dissipation under seismic
events is another important cause of structural damage, energy-based
design methods have been proposed for structures with MYDs [55–57].
Choi and Kim [56] proposed an energy-based seismic design method for
buckling-restrained braced frames using hysteretic energy spectra and
cumulative ductility strength spectra. This method has an explicit
physical meaning and helps effectively control the seismic performance
of structures. However, further investigations are required for its
practical applications because of the lack of widely applicable hys-
teretic energy spectra and cumulative ductility strength spectra.

With the development of high-performance scientific computation,
a few researchers have proposed numerical optimal design methods for
passive energy dissipation systems to simultaneously increase the en-
ergy dissipation efficiency of dampers and reduce cost [58,59]. These
methods aim to optimize the locations and specifications of dampers to
obtain the best performance at lower cost. The parametric design of
dampers in these methods requires numerous dynamic time history
analyses, which are time consuming because of the elastoplasticity or
nonlinearity of structures, particularly for complex structures and high-
rise structures. Moreover, responses vary considerably under different
seismic excitations, and no widely recognized quantitative principle is
followed for the selection of seismic waves in current design codes or
regulations. Hence, the reliability and feasibility of these parametric
design approaches remain topics for further investigation.

Even though the inelastic behavior of the main structure was con-
sidered in the abovementioned design methods, they are still con-
siderably complex to implement because in most existing methods,
stiffness and damping parameters are coupled and they must be con-
sidered together when designing structures with MYDs. This makes the
design procedure more complex. Moreover, not all MYDs can be fully
utilized in these methods.

This study presents a succinct design concept, referred to as the
uniform damping ratio (UDR) concept, to effectively simplify the design
procedure and fully utilize each damper. The formula for estimating the
equivalent additional damping ratio can be simplified based on the
UDR concept. Furthermore, the stiffness and damping effects caused by
MYDs can be decoupled. Thus, the design procedure can be simplified.
An SDOF system equivalent to the original structure is employed to
estimate the seismic response of a damped structure in the parametric
design of dampers and to reduce computational effort. The well-known
pushover analysis is incorporated in the UDR method to consider the
elastoplastic behavior of the original structure. Moreover, the para-
metric determination process is performance demand-oriented in
achieving a rational and practical design. The proposed method is

verified using a nine-story structure. Structural seismic performance is
validated through nonlinear time history analysis. The results show that
the simplified method is effective with acceptable precision.

2. Design philosophy

2.1. Design concept

From a conceptual perspective, a fairly ideal seismic energy dis-
sipation effect can be obtained if each damper installed in a structure is
fully utilized. The degree of utilization of an MYD can be reflected by its
equivalent viscous damping ratio. Consequently, a novel design con-
cept, referred to as the UDR concept, is used to effectively utilize each
damper for seismic energy dissipation. The UDR concept implies that
the equivalent damping ratios of all installed dampers are expected to
be the same (i.e., a constant) under a certain dynamic excitation. By
fully utilizing dampers, the UDR concept can result in less or smaller
dampers under a specified performance demand, which can be con-
sidered as implicit optimization effectiveness even if there are no
mathematical optimization approaches involved.

In addition to the damping property, MYDs can significantly influ-
ence the stiffness of a damped structure. Notably, high supplemental
stiffness helps effectively control the displacement of a structure.
However, the smaller displacement of MYDs may restrict their energy
dissipation function. Moreover, high supplemental stiffness may cause
larger inertial force under seismic excitation, resulting in increase in
internal forces such as the story shear forces and axial forces of columns
and the additional nodal forces caused by braces within a structure.
Therefore, as two key design components, stiffness and damping should
be balanced for an ideal design of structures with MYDs.

Table 1 presents the notations used in this study.

2.2. Key parameters for design

The equivalent viscous damping ratio of an MYD, ξdd i, , can be cal-
culated as follows by matching the energy dissipated by plasticity and
the energy dissipated by viscous damping [60]:

=ξ
W
πW4dd i

d i

sd i
,

,

, (1)

where Wd i, is the dissipated energy of the damper during one vibration
cycle, Wsd i, is the elastic strain energy of the damper, and subscript “i”
denotes the index of dampers.

The damper-supplied additional equivalent viscous damping ratio,
ζda, can be evaluated using the strain energy method, as follows [60]:
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where ∑ Wd i, is the summation of the hysteretic energy dissipated by all
dampers in one vibration cycle. = + ∑W W Ws s sd i0 , is the elastic strain
energy of the damped structure (summation of the strain energies of the
structure and dampers).

Eq. (2) shows that ζda is a product of two fractions. The first fraction
is defined as the generalized additional stiffness ratio and denoted as κ.
It is the ratio of the total strain energy of dampers to the total strain
energy of the system.
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The second fraction in Eq. (2) can be simplified as follows if the
damping ratio of each damper is the same (i.e., =ξ ξdd i, ):
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Eq. (2) can now be rewritten as follows:

R. Zhang et al. Engineering Structures 176 (2018) 734–745

735



=ζ κ ξ·da (5)

The stiffness and damping parameters can be decoupled in form
using Eq. (5). The stiffness and damping effects of an MYD can be di-
rectly reflected by parameters κ and ξ , respectively. Therefore, κ and ξ
are considered as key design parameters for the design of a damped

structure with MYDs. Note that stiffness parameter κ not only influ-
ences the additional damping ratio of the damped structure but also
increases the stiffness of the structure and thereby affects its vibration
period.

Plastic deformation may occur in the original structure in the event
of severe earthquakes. In this case, the nonlinear plastic hysteretic
damping ratio, ζs0, of the original structure can be obtained as follows:

=ζ
W
πW4s

ps

s
0

0 (6)

where Wps is the nonlinear plastic hysteresis energy of the original
structure.

The nonlinear plastic hysteretic damping ratio, ζs, of the damped
structure can be formulated as follows if dampers are installed in the
structure:
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Therefore, the total equivalent damping ratio of the system after
installing MYDs can be formulated as follows:

= + + = + − +ζ ζ ζ ζ ζ κ ζ κ ξ(1 )· ·eq s da s0 0 0 (8)

where ζ0 is the inherent damping ratio of the original structure.
In engineering practice, MYDs are always accompanied by series-

connected braces (Fig. 1). Therefore, the stiffness of the braces should
be considered in the analytical model. In fact, the analytical model for
an MYD used in design should be a combination of the MYD and its
adjacent braces. A bilinear elastoplastic model is generally employed to
model the hysteretic property of an MYD [33].

According to the bilinear model, the effective stiffness and equiva-
lent damping ratio of an MYD for one hysteretic cycle can be de-
termined as follows using Eqs. (9) and (10), respectively:

= + −k k αμ α μ(1 ) andd d0 (9)

= =
− −

+ −
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(1 )
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,

, (10)

where kd0 is the initial stiffness of the damper, α is the post-to-pre-
yielding stiffness ratio of the damper, and μ is the ductility factor of the
damper, which is defined as the ratio of the maximum deformation to
yielding deformation ( =μ u ud dy).

Eq. (10) shows that the damping ratio, ξ , of an MYD basically de-
pends on its ductility factor, μ, because yielding stiffness ratio α is ty-
pically constant for a specified design. Thus, the proposed UDR concept
is approximately equivalent to the uniform ductility factor (UDF) con-
cept. Therefore, the UDF concept is employed to simplify the design.
The suggestions for the determination of an appropriate value of the
UDF in practical design can be found in the Appendix A.

2.3. Utilization of an equivalent SDOF system

The design procedure is simplified by employing an equivalent
SDOF system for the seismic response estimation and damper parameter
determination of a multi-degree-of-freedom (MDOF) structure. As a
conventional and widely-used structural type, shear-type frame struc-
tures are mainly considered in this study.

An N-story shear-type structure can typically be simplified into an
MDOF system (Fig. 2).

The parametric definitions of the simplified MDOF system are as
follows: the stiffness of the nth story is denoted as kn; the effective
stiffness of the supplemental damper installed on the nth story is de-
noted as kd n, ; the displacement and the interstory displacement of the
nth story of the structure are denoted as un and uΔ n, respectively; the
story displacement is normalized as ϕn by dividing it by the top dis-
placement, utop; the interstory displacement is normalized as δn by di-
viding it by the maximum interstory displacement, uΔ n,max. These can

Table 1
Notations.

Notation Definition

Wd i, Dissipated energy of an MYD for one hysteretic cycle
Wsd i, Elastic strain energy of an MYD for one hysteretic cycle
Ws Elastic strain energy of the damped structure
Ws0 Elastic strain energy of the original structure
Wps Nonlinear plastic hysteresis energy of the original structure
κ Generalized additional stiffness ratio
ξdd i, Equivalent viscous damping ratio of an MYD

ξ Uniform damping ratio of an MYD

ζda Damper-supplied additional equivalent viscous damping ratio

ζs0 Nonlinear plastic hysteretic damping ratio of the original structure

ζs Nonlinear plastic hysteretic damping ratio of the damped structure

ζeq Equivalent damping ratio of the damped structure system

ζ0 Inherent damping ratio of the original structure
mn Story mass
Meq Equivalent mass of the structure
Keq s, Equivalent stiffness of the original structure
Teq s, Equivalent period of the original structure
Keq Equivalent stiffness of the damped structure
Teq Equivalent period of the damped structure
kn Story stiffness
kd n0, Initial stiffness of MYDs on the nth story
kd n, Effective stiffness of MYDs on the nth story
kde Elastic stiffness of MYDs
∼k{ }n Normalized story stiffness vector of the original structure
∼k{ }d n, Normalized effective stiffness vector of MYDs

kd nj0, Initial stiffness of the jth MYD on the nth story
α Post-to-pre-yielding stiffness ratio of MYDs
Fd Damping force of MYDs
Fdy n, Yielding force of MYDs on the nth story
Fdy nj, Yielding force of the jth MYD on the nth story
un Story displacement
utop Top displacement

uΔ n Interstory displacement
uΔ n Average interstory displacement of the nth story
uΔ n j, Interstory displacement at the location of the jth damper

ϕn Normalized story displacement
δn Normalized interstory displacement
ud n, Displacement of MYDs on the nth story
udy n, Yielding displacement of MYDs on the nth story
μ Ductility factor of MYDs
μu Ultimate ductility factor of MYDs
μLu Ductility factor of MYDs under the highest fortification level

earthquake
μLi Ductility factor of MYDs corresponding to the ith performance level
Vbase Base shear force
Sd Spectrum displacement
Sd,0 Displacement spectral value of the original structure
Sd t, Target displacement spectral value of the damped structure
Sa Spectrum acceleration
T Fundamental period of an SDOF system
ζ Damping ratio of an SDOF system
Ns Total number of MYDs installed on the nth story
γ Response mitigation ratio of the designed structure with MYDs
γd Demanded response mitigation ratio
η Structure seismic capacity redundancy
Tg Characteristic period of the design response spectrum

θn Interstory drift angle
θ[ ] Interstory drift angle limits
θ[ ]Li Deformation limit corresponding to the ith performance level
θ[ ]Lu Deformation limit corresponding to the ultimate performance level

Qn Story shear force
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be expressed as follows:
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The equivalent stiffness, Keq s, , and equivalent mass, Meq, of the
corresponding SDOF system can be determined as follows if the de-
formed shape, ϕn, story stiffness, kn, and story mass, mn of the multis-
tory shear-type structure are obtained [60]:
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The equivalent period, Teq s, , is obtained as follows:

=T π
M
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2eq s
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eq s
,

, (15)

The equivalent stiffness of the damped equivalent SDOF system
after installing MYDs is expressed as follows:

∑= + −
=
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n d n n n
1

, 1
2
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Note that to simplify the derivation of equations, the normalized
story displacement, ϕn, of the original structure and the damped
structure with MYDs are assumed to be unchanged. The basis of this
assumption is that the deformation shape of the structure does not
significantly change as the rigidities of all stories should change co-
ordinately according to the method proposed herein.

The generalized additional stiffness ratio, κ, can be rewritten as
follows based on Eq. (3):
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The relationship between K K,eq eq s, , and κ can be deduced as fol-
lows based on Eqs. (13), (16), and (17):
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Therefore, the equivalent period of the equivalent SDOF system

Fig. 1. Modeling of the damper–brace system.

(a) Frame structure (b) Simplified
MDOF system

(c) Equivalent 
SDOF system

Fig. 2. Simplification of the shear-type frame structure.
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with MYDs can be expressed as follows:

= −T T κ· 1eq eq s, (19)

For elastoplastic structures, the equivalent period, Teq s, , can be ob-
tained more conveniently through static pushover analysis or incre-
mental dynamic analysis apart from using Eq. (15). The following
procedure is suggested to obtain the equivalent period for a structure
undergoing elastoplastic deformations: the relationship between top
displacement utop and base shear force Vbase can be obtained using static
pushover analysis or incremental dynamic analysis. Then, the u V-top base

relationship is converted into an acceleration–displacement response
spectra (ADRS) form as follows [33]:
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= =
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2

1 1
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where Sd and Sa are spectrum displacement and spectrum acceleration,
respectively.

The approximate relationship between the Sd and Sa of an SDOF
system is expressed as follows [60]:

≈ − ≈S T
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2

2
2

2
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where T and ζ are the fundamental period and damping ratio of the
SDOF system, respectively.

The equivalent period can be calculated as follows based on Eqs.
(20) and (21):

=T π S
S

2eq s
d

a
,

(22)

2.4. Distribution of the key design parameters

A parameter distribution problem should be considered once the
key design parameters (i.e., κ and ξ ) are determined. This subsection
mainly focuses on how to convert the global key design parameters (κ
and ξ ) into damper parameters for every story.

Stiffness parameter κ can be calculated as follows considering the
MYDs, including braces, on the same story as one equivalent damper:
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where =
∼k k k{ } { }n n n

T
,max is the story effective stiffness vector of the

original structure, =
∼k k k{ } { }d n d d n

T
, ,max , is the effective stiffness vector of

the equivalent damper, including braces, kn,max and kd,max are the
maximum values of the stiffness vectors of the original structure and
damper, respectively, and

∼k{ }n and
∼k{ }d n, are the normalized stiffness

vectors indicating the stiffness distribution patterns of the original
structure and damper, respectively, along the height of the structure.

The stiffness distribution pattern,
∼k{ }d n, of the damper along the

height should be determined first to obtain the stiffness parameters,
k{ }d n, , of the dampers on each story using Eq. (23). If no weak story
exists in the main structure, the installed dampers and original structure
are suggested to have the same stiffness distribution pattern for sim-
plicity (i.e.,

∼
=

∼k k{ } { }d n n, ). Eq. (23) can now be simplified as follows:

=
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κ
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d

n d
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Thus, the effective stiffness of the equivalent damper on each story
can be obtained as follows:

=
∼

=
−

∼
=

−
k k k k κ

κ
k κ

κ
k{ } { }

1
{ }

1
{ }d n d d n n n n, ,max , ,max (25)

The weak-story stiffness values in k{ }n in Eq. (25) should be

appropriately increased if weak stories exist in the original structure.
According to the UDF concept (i.e., =μ μi ), the initial stiffness,

k{ }d n0, , of the equivalent damper on each story can be obtained using
Eqs. (9) and (25) if ductility factor μ is given.

The deformation, ud n, , of the equivalent damper on each story is
equal to the interstory deformation, uΔ n, of the structure. Hence, the
yielding deformation of dampers can be expressed as follows:

= =u u μ u μ{ } { } {Δ }dy d n,n ,n (26)

Eq. (26) shows that for a damped structure with MYDs, the UDF
concept implies that the yielding deformation of the dampers on each
story is approximately proportional to structure interstory deformation,
and the proportional factor is the reciprocal of the UDF ( μ1 ).

The yielding force of a damper can be calculated as
=F k u{ } { · }dy n d n dy n, 0, , after the equivalent parameters, k{ }d n0, and u{ }dy n, ,

of each story are determined.
Considering actual constructional convenience, similar parameters

should be merged to reduce the types of dampers. Dampers with rela-
tively small calculated yielding forces can be removed.

Dampers are always installed at different locations on a certain
story. Deformations at different locations are distinct because of the
asymmetric planar distribution of stiffness and mass (i.e., torsion ef-
fect). With regard to a structure with a slight torsion effect, the dis-
tribution of the dampers on each story can be determined as follows:
assuming that the total number of MYDs installed on the nth story is Ns,
the parameters of the jth MYD can be calculated using =kd nj

k
N0,
d n

s

0, and

=F ·dy nj
u
u

F
N,

Δ
Δ

n j

n

dy n

s

, , , where uΔ n and uΔ n j, are the average interstory dis-
placement of the nth story and the interstory displacement at the lo-
cation of the jth damper, respectively. For structures with severe torsion
deformation, the torsional degree of freedom should be considered in
the simplified MDOF model. This requires further study.

3. Demand-oriented design procedure

3.1. Response mitigation ratio

The aim of using dampers in structures is to mitigate dynamic re-
sponse under external excitations and meet performance demand.
Therefore, the demanded response mitigation ratio is employed herein
as the controlling index in the design procedure.

The demanded response mitigation ratio, γd, is defined as follows
after obtaining the predefined performance level and the response of
the original structure:

=γ
η

Performance Level
Response of Original Structure

· 1
d (27)

where η is the seismic capacity redundancy of the structure [33,61],
and it can be used to flexibly control the performance design of damped
structures.

A satisfactory design should meet the following requirement:

⩽γ γd (28)

where γ is the response mitigation ratio of the designed structure with
MYDs expressed as follows:

=γ
Response of Structure with Dampers

Response of Original Structure (29)

Using dampers is recommended when ⩽γ 90%d from an economical
perspective.

In fact, design parameters can be obtained by solving Eq. (28) with
“≤” replaced by “=”.

=γ γd (30)

Herein, Eq. (30) is referred to as the design equation. For an SDOF
structure with an MYD, if structural response is estimated by the design
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response spectrum, its design equation can be written as

= =
− + − +

=γ
S T ζ

S
S T κ ζ κ ζ κ ξ

S
γ

( , ) ( · 1 , (1 )· · )d eq eq

d

d eq s s

d
d

,0

, 0 0

,0 (31)

where Sd,0 is the displacement response of the original structure, which
can be obtained through static pushover analysis, and Sd is considered
as a function with respect to the equivalent natural period and damping
ratio.

3.2. Design procedure

With the abovementioned derivations and discussions, Fig. 3 shows
the design flowchart of the elastoplastic structures with MYDs based on
the proposed UDR design concept.

The following steps are involved in the design procedure for the
damped structures with MYDs based on the UDF concept:

1. The design earthquake intensity and the corresponding threshold
value of the performance index are determined according to the
seismic design code or other special demands. Then, the structural
model for seismic analysis is established, and the story mass, mn, of
the structure is recorded.

2. The static pushover analysis of the original structure is conducted,
and the top displacement, utop, and base shear force, Vbase, curves are
converted into the ADRS form using Eq. (20). The displacement
spectral value, Sd,0, is determined based on the performance point
obtained by the pushover analysis. Additionally, the corresponding
value of the performance index can be acquired. Then, the response
mitigation ratio, γd, is determined using Eq. (27). The target dis-
placement spectral value of the damped structure is =S γ S·d t d d, ,0.
The following parameters are recorded: the story secant stiffness, kn,
corresponding to Sd t, and the interstory displacement, uΔ n (kn and

uΔ n are required only for parametric distribution other than para-
metric design). The equivalent damping ratio, ζs0, and the equivalent
period, Teq s, , corresponding to the Sd t, of the original structure are
estimated based on a capacity curve.

3. The value of the UDF (i.e., μ) of dampers is selected based on the
suggestions provided in the Appendix A. The corresponding UDR (ξ )
is calculated using Eq. (10). The other key design parameter, κ, can
be determined by solving the design equation (i.e., Eq. (31)). In
addition, if the value of κ obtained using Eq. (31) is extremely high
(approximately larger than 0.75), the original structure is con-
siderably weakly resistant to earthquakes, and structural members
must be redesigned to be stronger.

4. The parameters of the dampers on each story are determined using
the parametric distribution approaches proposed in Section 2.4
based on the two determined parameters, μ and κ. Considering the
practical cases (e.g., standardization, manufacturing capacity, etc.),
the final parameters employed in practical applications may require
adjustment. The adjusted parameters of any MYD are suggested to
meet the following conditions: the actual yielding force should not
be smaller than the designed value, and the actual yielding de-
formation should not be larger than the designed value.

5. The dynamic time-history analyses of the damped structure (using a
3D finite element model) should be performed to validate seismic
performance. If seismic response does not exceed the threshold
value of the performance index, the designed parameters are ac-
ceptable and the design procedure can be terminated. Otherwise,
the parameters of MYDs should be adjusted until seismic perfor-
mance is satisfied.

4. Design example

The proposed design method is exemplified using a nine-story

Start

Determine 
Performance Demand Pre-analysis of original structure

(Pushover Analysis)

Obtain by solving Eq. (31) Determine 
and calculate 

Determine the parameters of  
every damper

End

Response mitigation 
ratio d

Record related information 
and calculate parameters of 

the equivalent SDOF system

Performance
Validation (Dynamic 

Analysis)

Pass

Fail

Fig. 3. Design flowchart of structure with MYDs based on UDR/UDF concept.
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structure model [62], as shown in Fig. 4.
The lateral load-resisting system of the structure comprises steel

perimeter moment-resisting frames (MRFs). This study focuses on the
in-plane (two-dimensional) analysis of the structure, and a single MRF
is employed to describe this method. The columns and beams of the
MRF are in the form of wide flanges. The columns and beams are made
of steel with yielding strengths of 345MPa and 248MPa, respectively.
Fig. 4 shows the section dimensions of the columns and beams. The
peak ground acceleration (PGA) for the design is set as 300 Gal ac-
cording to the Chinese code for the seismic design of buildings (CCSDB)
[12]. The characteristic period, Tg, of the design response spectrum is
set as 0.4 s. Table 2 lists the interstory drift angle limits under the
frequent, fortification, and rare seismic levels according to the CCSDB
[12].

The original damping ratio, ζ0, and seismic capacity redundancy, η,
of the structure are =ζ 0.4%0 and =η 1.38. The ultimate ductility factor,
μu, and post-to-yielding stiffness ratio, α, of the selected steel damper
are =μ 30u and =α 0.04. Table 3 lists the detailed model information.
Modal analysis is conducted on the original structure, and the first three
modal periods are obtained and compared with those obtained by
Ohtori et al. [62], as listed in Table 4. The comparison of the first three
modal periods shows that the model used in this study is largely
identical to that employed elsewhere [62].

According to the design procedure given in Section 3.2, the fol-
lowing are the detailed design steps of the structure with MYDs:

(1) The model of the structure for analysis is established using SAP2000
[63], and the mass of each story, mn, is prerecorded. Then, the
pushover analysis of the original structure is conducted. The curves

of the interstory drift angle and story shear force, θ Q-n n, corre-
sponding to the performance point are obtained, as shown in Fig. 5.
The interstory drift angle of the 9th story is significantly larger than
those of the other stories, indicating that this story is relatively
weak. This is mainly because the sections of the beams and columns
of the upper stories are smaller than those of the lower stories,
causing insufficient stiffness in the upper stories. Thus, two dummy
elastic braces are installed on the 9th story to stiffen it (Fig. 9) and
obtain a rational design. The values of the stiffness of the dummy
elastic braces are empirically determined to make the 9th story not
too weak, and these values are incorporated in the equivalent
stiffness of the MYDs on the 9th story.

Then, the pushover analysis of the strengthened structure is con-
ducted. Fig. 6 shows the corresponding θ Q-n n curve. Table 5 lists the
results. According to the discussion in Section 3.1, the required

Fig. 4. Design example: nine-story steel frame structure [62]

Table 2
Interstory drift angle limits under different seismic le-
vels.

Seismic levels θ[ ]

Frequent earthquake 0.4%
Fortification earthquake 0.6%
Rare earthquake 2%

Table 3
Model information.

Story Story height (m) Mass of story mn (t)

9 3.96 494.5
8 3.96 494.5
7 3.96 494.5
6 3.96 494.5
5 3.96 494.5
4 3.96 494.5
3 3.96 494.5
2 3.96 494.5
1 5.49 505
B-1 3.65 482.5

Table 4
Modal periods of the original structure.

Modals 1st modal 2nd modal 3rd modal

Periods (s) 2.25 0.88 0.51
Periods (s) [62] 2.27 0.85 0.49
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response mitigation ratio is = =γ · 62%d
0.6 %
0.7 %

1
1.38 based on the structural

response and seismic capacity redundancy of the structure.

(2) The top displacement and base shear force curves are converted
into the ADRS form. The displacement spectral value corresponding
to the performance point can be obtained (i.e., =S 135 mmd,0 ). The
desired displacement spectral value is = =S γ S· 84 mmd t d d, ,0 . Then,
the analytical results of the target pushover step corresponding to
Sd t, are extracted. The equivalent story stiffness, kn, can be ap-
proximately obtained by dividing the total shear force, Qn, of the
vertical structural members on each story by the interstory dis-
placement, uΔ n, under the target analysis step. Table 6 presents the
results of equivalent story stiffness. The equivalent damping ratio,

ζs0, and equivalent period, Teq s, , corresponding to the Sd t, of the
structure are estimated as =ζ 6.2%s0 and =T 2.24 seq s, based on a
capacity curve.

(3) According to the discussion in the Appendix A, the UDF is con-
sidered to be = ⩽ =

×
μ μ5.0 7.5u

0.6%
2.0 % 1.2 based on Eq. (A1). The

corresponding UDR is found to be =ξ 42.2% using Eq. (10). Based
on the designed response spectra function, S T ζ( , )d eq eq , and demand
displacement, Sd t, , it is found that =κ 0.35, =T 1.81 seq , and

=ζ 22.7%eq by numerically solving Eq. (31).
(4) The parameters of the dampers on each story can be calculated

using Eqs. (25) and (26). Table 7 lists the calculation results. Note
that the designed parameters in Table 7 refer to the total value of all
MYDs installed on one story. The parameters of each damper can be
determined according to the discussion in Section 2.4 considering
the actual locations of MYDs.

(5) According to the CCSDB [12], seven different earthquake waves are
selected to conduct the dynamic time history analysis of the
structure, including five natural seismic waves (NW1–NW5) and
two artificial seismic waves (AW1 and AW2). Three seismic in-
tensity levels are considered (i.e., frequent, fortification, and rare
earthquake events mentioned in CCSDB) [12]. The natural earth-
quake waves (Table 8) are selected from the Pacific Earthquake
Engineering Center ground motion database [64] considering the
agreement between the response spectra of the waves and the de-
sign response spectrum and site condition. The artificial earthquake
waves are generated using the trigonometric method [65] and then
adjusted to match the design response spectrum [66–69]. Fig. 7
shows the corresponding response spectra, where the average re-
sponse spectrum is approximately consistent with the design re-
sponse spectrum.

Fig. 8 shows the interstory drift angle of the original structure under
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Fig. 5. θ Q-n n curves of the original structure.
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Fig. 6. θ Q-n n curves of the structure with dummy braces.

Table 5
Pushover response of the structure at the performance point.

Story 1 2 3 4 5 6 7 8 9

Shear force Qn (kN) 4072 3953 3752 3466 3093 2637 2104 1492 219
Interstory drift anlge (%) 0.57 0.59 0.62 0.64 0.60 0.56 0.64 0.70 0.59
Target interstory drift angle (%) =θ[ ] 0.6
Required response mitigation ratioγd 62%

Table 6
Pushover response of the structure corresponding to Sd t, .

Story 1 2 3 4 5 6 7 8 9

Shear force Qn (kN) 1924 1868 1773 1637 1461 1246 994 705 381
Story displacement

uΔ n (mm)
15 12 12 12 12 11 12 13 12

Story stiffness kn
(kN/mm)

128 156 148 136 122 113 83 54 32

Table 7
Designed parameters of MYDs.

Story number n 1 2 3 4 5 6 7 8 9

Effective stiffness of
dampers kd n, (kN/mm)

69 84 80 74 66 61 45 29 17

Initial stiffness of dampers
kd n0, (kN/mm)

299 362 344 318 283 264 193 126 74

Yielding deformation of
dampers μdy n, (mm)

3.0 2.4 2.4 2.4 2.4 2.2 2.4 2.6 2.4

Yielding force of dampers
Fdy n, (kN)

896 869 825 762 680 580 463 328 177
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the design level earthquake (PGA=300 Gal). The average interstory
drift angle of the original structure does not satisfy the target interstory
drift angle in terms of performance level.

(6) The parameters of MYDs are determined based on the design
parameters listed in Table 7. Then, the designed dampers are added
into the calculation model, and dynamic analyses are conducted
using the seismic waves mentioned in the previous step. Fig. 9
shows the damped structure model.

Fig. 10 shows the average interstory drift angle of the original
structure and damped structure under frequent earthquakes
(PGA=110 Gal), fortification earthquakes (PGA=300 Gal), and rare
earthquakes (PGA=510 Gal) according to the CCSDB [12].

The results show that the average response of the original structure
without dampers does not meet the performance requirements under the
frequent and fortification earthquakes. The interstory drift angles are ef-
fectively controlled after installing dampers. In brief, the seismic perfor-
mance of the structure is significantly improved, and the average interstory
drift angle is approximately equal to the interstory drift angle limit under
the design earthquake, indicating that the proposed method is feasible.

Fig. 11 shows the hysteretic loops between the damping force and
the deformation of the three MYDs installed at the 3rd, 6th, and 9th
stories under seismic wave AW1 for PGA=300 Gal. The results show
that MYDs provide effective energy dissipation during the seismic
event. Table 9 presents the ductility factors of the MYDs on each story
under seismic wave AW1 for PGA=110 Gal, 300 Gal, and 510 Gal. The
results show that the ductility factors of the MYDs on each story are
uniform under all earthquake events, thus conforming to the UDR
concept. Notably, the UDR concept is a design assumption to simplify
the calculation of the design parameters of dampers. In practical design,
the requirement of the UDR concept does not need to be rigorously
satisfied.

The structure is also designed using two other existing methods, that
is, the EPRRC method proposed by Shen [54] and a trial method with
identical MYDs, for the purpose of comparison and validation. The
target responses of the maximum interstory drift angle of the three
methods are set to be the same to make the results comparable. The
design parameters of MYDs and the interstory drift angle responses are
shown in Table 10 and Fig. 12, respectively.

Under the same maximum interstory drift angle, the total
yielding forces of MYDs obtained using the UDR, EPRRC, and
trial methods, which approximately imply the cost of MYDs, are

calculated as ∑ =
=

F 5580 kN
n

dy n
1

UDR

9

, , ∑ =
=

F 6006 kN
n

dy n
1

EPRRC

9

, , and ∑
=n 1

Trial method

9

=F 6372 kNdy n, , respectively. The total yielding force of MYDs obtained
using the UDR method proposed in this study is smaller than that ob-
tained using the EPRRC (7.1% ↓) or trial methods (12.4% ↓), indicating
that UDR method is more economical and rational. Note that the EPRRC
and trial methods require numerous complex iterative analyses and
repetitive pilot calculations to obtain rational parameters, while in the

Table 8
Detailed information of the natural seismic waves.

Name RSN Year Magnitude Event Station

NW1 9 1942 6.5 Borrego El Centro Array #9
NW2 15 1952 7.4 Kern County Taft Lincoln School
NW3 40 1968 6.6 Borrego Mtn San Onofre — So Cal Edison
NW4 55 1971 6.6 San Fernando Buena Vista — Taft
NW5 86 1971 6.6 San Fernando San Onofre — So Cal Edison
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Fig. 7. Response spectra of the seismic waves.
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UDR method, the design procedure and the distribution method of
parameters are more succinct and easier. The comparison validates the
rationality and demonstrates the implicit optimization effectiveness of
the proposed design method.

5. Conclusion

A simplified design concept, termed the uniform damping ratio
(UDR) concept, and a corresponding demand-oriented design method
are proposed in this study for an elastoplastic structure with metallic
yielding dampers (MYDs). A design philosophy is provided, including a
method for obtaining the key design parameters and parametric dis-
tribution patterns of the structure. In addition, a detailed design pro-
cedure is presented, along with a design example. The following are the
main conclusions of the study:

(a) Frequent earthquakes (b) Fortification earthquakes (c) Rare earthquakes
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Fig. 11. Hysteretic loops of MYDs.

Table 9
Practical ductility factors (μ) of MYDs.

Story Ductility factors (μ)

PGA=110 Gal PGA=300 Gal PGA=510 Gal

1st 2.25 6.39 12.52
2nd 2.39 6.38 11.86
3rd 1.68 5.93 10.87
4th 1.61 6.09 10.88
5th 1.76 5.78 11.27
6th 1.82 6.04 10.84
7th 2.07 6.13 10.01
8th 2.20 6.05 10.15
9th 1.79 5.49 8.52

Table 10
Parameters designed using different methods.

Design method Parameters Story number n

1 2 3 4 5 6 7 8 9

UDR method kd n0, (kN/mm) 299 362 344 318 283 264 193 126 74
Fdy n, (kN) 896 869 825 762 680 580 463 328 177

EPRRC method [53] kd n0, (kN/mm) 89 276 384 500 240 55 190 234 34
Fdy n, (kN) 267 828 1152 1500 720 165 570 702 102

Trial method with identical MYDs kd n0, (kN/mm) 236 236 236 236 236 236 236 236 236
Fdy n, (kN) 708 708 708 708 708 708 708 708 708
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1. The UDR concept is a rational approach for obtaining a better design
with the full use of the capacity of MYDs.

2. Based on the UDR concept, the stiffness and damping components in

the damping ratio evaluation equation can be decoupled such that
the two components can be separately designed, thereby simplifying
the design of a damped structure with MYDs.

3. An equivalent SDOF system, pushover analysis, and a response mi-
tigation ratio are introduced for the seismic performance evaluation
in the parametric design for convenience (i.e., for reducing calcu-
lation effort).

4. For MYDs, the UDR concept is approximately equivalent to the UDF
concept, which is convenient for applications.

5. A design example shows that the proposed design method is fea-
sible, effective, purposive, and convenient.

6. The design philosophy of the UDR can be extended to designing
structures with other types of dampers in future studies.
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Appendix A. Additional suggestions for UDF determination

The target UDF, μ, of a damper must be determined based on damper performance. If the ultimate ductility factor of the damper is μu, the
ductility factor, μLu, of the damper under the highest fortification level earthquake should not exceed μu (i.e., ⩽μ μ γLu u d) (e.g., Chinese Code for
Seismic Design of Buildings (CCSDB) [12], setting ⩾γ 1.2d ). The ductility factors under other seismic levels can be approximately determined based
on the correlation (positive correlation) between the deformation of dampers and the structure, along with the relationship between different
structural performance levels and their corresponding deformation limit values. If the deformation limit corresponding to the ith performance level is
θ[ ]Li and the deformation limit corresponding to the ultimate performance level is θ[ ]Lu, the ductility factor, μLi, of the damper corresponding to the
ith performance level can be determined as follows:

⩽μ θ
θ

μ[ ]
[ ]Li

Li

Lu
Lu (A1)
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