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Abstract: A new methodology for seismic control design of MDOF structures is put forward.The methodology is developed for shear-type building frames with supplemental 
system of braces with dampers. Hysteretic dampers are modelled to be elasto-perfectly plastic. The mechanical parameters of the damper, the supplemental system (damper 
+ brace) and the controlled structure are first defined. Next, based on modal analysis method, the controlled MDOF structure is converted to the equivalent SDOF structure, 
and the distribution of elastic stiffness of damper on the MDOF structure is derived. Then, a procedure is compiled to achieve the elastic stiffness, the yielding drift and the
ductility factor of the damper on each story of the MDOF structure. Finally, the procedure is used for seismic control design of three example structures. Time history analyses 
show that the proposed methodology is feasible. 
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1 INTRODUCTION 

Many past studies and structural applications have 
proved that passive energy dissipation is an effective 
technology for enhancing the seismic performance of a 
structure by adding extra damping and stiffness to the 
structures [1-7]. For a wider application of supplemental 
energy dissipation devices, comprehensive analyses have 
been proposed, such as the direct displacement-based 
method [8-10], the energy-based method [11-13], the 
force-based method [14, 15], the capacity-spectrum 
method [16, 17], and others [18-20]. Furthermore, some 
codes also provide design criteria, e.g. UBC, FEMA-273 
and ATC-40 [8]. Although having the above achievements, 
research on seismic control design of structures is still a hot 
topic, because most of the existing methods require 
relatively significant computational efforts and are difficult 
to use in practice. 

Toward practical use, Kasai et al. [21] proposed a 
simplified method to predict the seismic performance of 
viscoelastical and elastoplastical damped steel moment 
resisting frames. The method first uses an elastic single-
degree-of-freedom (SDOF) structure to replace a multi-
degree-of-freedom (MDOF) structure, then develops 
seismic performance curves to perform a spectrum-based 
response prediction and damper capacity design for the 
equivalent SDOF strucutre, finally distributes the damper 
capacity from the SDOF structure to the MDOF structure 
based on the tuning of the equivalent stiffness. Due to not 
requiring iterative calculation, Kasai's method consumes 
less computation time, thus is adopted by Japan Society of 
Seismic Isolation (JSSI) [22] for design engineers to use. 
Afterwards, Pu et al. [23] advance the method for 
designing slip hysteretic timber structures. However, 
Kasai's method also has the following disadvantages: (1) it 
adheres to the Japanese seismic code, so the seismic 
performance curves cannot be thoroughly extended to 
another code-consistent structure; (2) it is reasonable for 
most structures with regularities in elevation, but may lead 
to an unsatisfied design for the structures with the soft 
stories in elevation; (3) the final value of the ductility factor 
may be different from the preset value. 

Enlightened by Kasai's method, this paper puts 
forward a new methodology for seismic control design of 
MDOF structures. The structure is a shear-type building 

frame, and the hysteretic damper is modeled to be elasto-
perfectly plastic. First,the mechanical parameters of the 
damper, the supplemental system (damper + brace) and the 
controlled structure are introduced. Secondly, on the basis 
of modal analysis method, an equivalent SDOF structure is 
used to replace the controlled MDOF structure, then the 
distribution of elastic stiffness of damper on the MDOF 
structure is derived. Thirdly, a procedure is written to 
achieve the parameters of the damper on each story of the 
MDOF structure. Finally, the procedure is applied for 
seismic control design of three example structures, among 
which one is regular in elevation and others have soft 
stories in upper or lower stories. Time history analysis 
method is performed to verify the feasibility of the 
procedure.  

2 METHODOLOGY FOR SEISMIC CONTROL DESIGN OF 
STRUCTURES 

2.1 Basic Structure Description 

This paper addresses a shear-type n-DOF building 
frame, in which the bending deformation is far smaller than 
the shear deformation and is consequently neglected [23]. 
Dampers and braces comprise the supplemental system. 
Usually, the dampers are placed diagonally or horizontally 
at stories of the structure, see Fig. 1. 

(a)                                                  (b) 
Figure 1 Sketch of frame with dampers. (a) Chevron configuration; (b) Diagonal 

configuration 
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Research in this paper is based on Fig. 1a. Hysteretic 
dampers that are based on the yielding of metallic materials 
are used. Excited by the ground motions, the frame and the 
brace are assumed to be elastic, and the dampers yield to 
dissipate vibration energy.  

2.2 Definition of Mechanical Parameters 

Taken the structure in Fig. 1a for example, some 
mechanical parameters are defined as follows: kf,i and kb,i 
denote the elastic stiffness of the frame and the brace at the 
ith story, respectively; kd,i, µd,i, µdy,i, µdmax,i and kdeq,i denote 
the elastic stiffness, ductility factor, yielding drift, 
maximum drift and equivalent secant stiffness of the 
damper at the ith story, respectively; ka,i, µa,i, µay,i, µamax,i and 
kaeq,i denote the elastic stiffness, ductility factor, yielding 
drift, maximum drift and equivalent secant stiffness of the 
supplemental system at the ith story, respectively; ki, µi, µy,i, 
µmax,i and keq,i denote the elastic stiffness, ductility factor, 
yielding drift, maximum drift and equivalent secant 
stiffness of the controlled structure at the ith story, 
respectively.  

For convenience and safety in practical design, the 
damper is modelled to be elasto-perfectly plastic. Then, 
these mechanical parameters have the following relations 
[22]: 
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In this paper, for convenience, the elastic stiffness of 
the brace kb,i is valued as ,  then the mechanical 
parameters of the supplemental system have the same 
values as those of the damper. 

2.3 Converting Controlled MDOF Structure to SDOF 
Structure and Static responses Quantities 

Referring to literature [21-23], the following 
hypotheses are used for converting the controlled MDOF 
structure to the equivalent SDOF structure:  

(1) The same ductility factor µi is adopted for each
story of the MDOF structure and is the same as that in the 
equivalent SDOF system µ, i.e. µi = µ, (i = 1, 2, …, n). 

(2) The natural period and damping ratio of the
equivalent SDOF structure are equal to those of the 1st 
mode of the MDOF structure, denoted as T1 and ζ1 
regulated, respectively. 

(3) The MDOF structure has a uniform distribution of
story drift angle along the height, i.e. its 1st vibration mode 
is linear. Due to the conversion being based on the 1st mode, 
the drift angle of the equivalent SDOF structure is equal to 
that of the MDOF structure. 

(4) The controlled MDOF structure is assumed to be
linear with an equivalent secant stiffness keq,i, (i = 1, 2, …, 
n). According to Eqs. (2) and (3), keq,i, (i = 1, 2, …, n) is 
written: 
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Similarly, the equivalent secant stiffness of the SDOF 
structure Keq is written: 

d
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where Kd is the elastic stiffness of the damper for the SDOF 
structure, and Kf is the elastic stiffness of the uncontrolled 
SDOF structure. According to literature [24], Kf is given as: 
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where mi is the lumped mass at the ith floor level, hi is the 
height of the ith floor above the base. 

Based on the above hypotheses, modal analysis 
method gives the following static responses quantities [24]: 
effective modal height H, base shear Vb, shear Vi at the ith 
story: 
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where Spa is the acceleration spectrum of the SDOF 
structure with T1 and ζ1 regulated in the seismic code [25]. 
 
2.4 Determining Distribution of Elastic Stiffness of Damper 

on MDOF Structure  
 

Story drift is a quotient of story shear and story 
stiffness. Considering the MDOF structure and the SDOF 
structure have the same story drift angle, the following 
equation is written: 
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Substituting Eqs. (5) and (6) in Eq. (11), kd,i is written: 
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If the calculated value of kd,i is less than 0, kd,i is set to 

be 0. In fact, Eq. (11) is consistent with that in literature 
[22]. 
 
2.5 Design Program 
 

In this paper, seismic control design of structures has 
the following targets: (1) the story drift angle of the 
controlled structure does not exceed the elastic limit in 
order to assure the structure being damage-free state; (2) 
the controlled structure appears a uniform distribution of 
story drift angle along the height,  whether it is regular in 
elevation or not. In addition, the procedure is universal for 
any code-consistent structure. 

Fig. 2 shows the flowchart of the design procedure. 
The steps are in the following: 

Step 1: The story drift angle limit θ is first determined. 
If the story drift angle of the uncontrolled structure 
subjected to earthquake exceeds the limit θ, seismic control 
design is carried on.  

Step 2: The iterations and the ductility factor µ are 
assigned a reasonable value, respectively. 

Step 3: The stiffness ratio Kd/Kf is assigned a 
reasonable value, and the elastic stiffness of damper kd,i, (i 
= 1, 2, …, n) are calculated from Eqs. (4) to (11). 

Step 4: The yielding drift of damper µdy,i, (i = 1, 2, …, 
n) is assigned initial value as µdy,i = θ × Δhi/µ. 

Step 5: Time history analysis is performed on the 
controlled structure excited by earthquake. Taken the ith for 
example, the maximum story drift angle θi is got, so the 
ductility factor µi is derived from µi = θi × Δhi/µdy,i. Here, 
the ductility factor of the damper is equal to that of the 
structure. 

Step 6: If within the iteration, θi > θ or |µi − µ| > ε, (i = 
1, 2, …, n), (ε is a very small value), µdy,i is renewed as µdy,i 
= θi × Δhi/µ, and Steps 5 and 6 are repeated until µi and θi 
converge. Else, if µi  and θi diverge within the iteration, 
Kd/Kf  should be updated, and Steps 3 to 6 should be 
repeated until convergence is attained. This step also 
ensures that the final story ductility factor µi  is 
approximately equal to the preset value. 

In this study, detailed configuration design of the 
damper is not involved. 

 

 
Figure 2 Flowchart of design procedure 

 
3 NUMERICAL VERIFICATION 
 

The proposed procedure is used to design the example 
structures, and its correctness is examined through time 
history analysis method. 

 
3.1 Numerical Example Description 
3.1.1 Structural Models 

 
A total of three shear type moment resisting steel frame 

models, which are numbered 1 to 3, are considered. The 
three models are all 10 stories high, and have the same 
story height and lumped mass on each story. Model 1 uses 
the frame in [22], which is designed with a uniform 
distribution of elastic stiffness along the height. Models 2 
and 3 contain the soft stories in upper stories and lower 
stories, respectively. The fundamental periods for Models 
1 to 3 are 1.99 s, 1.83 s and 1.80 s, respectively, and the 
damping ratios are all 0.04. The structural parameters of 
the 3 models are listed in Tab. 1. 

 
Table 1 Parameters of 3 structural models 

Story 
No. 

hi / cm mi / kg 
kf,i / kN/cm 

Model 1 Model 2 Model 3 
1 600 685910 2799.60 4114.74 3023.57 
2 1000 668020 3835.50 5637.26 4142.34 
3 1400 666410 3830.20 5629.47 4136.62 
4 1800 662260 3282.60 4824.63 3545.21 
5 2200 656670 3061.60 4499.82 4776.10 
6 2600 653930 2918.90 3821.38 4553.48 
7 3000 647010 2447.90 1762.49 3818.72 
8 3400 643090 2202.50 1585.80 3435.90 
9 3800 636460 1801.10 1296.79 2809.72 
10 4200 857900 1585.50 936.00 2473.38 
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3.1.2 Earthquake Ground Motions 

Four artificial ground motions that are compatible with 
the design spectrum as regulated in the seismic code [25] 
are considered. The characteristic period of the design 
spectrum is 0.4 s.  

Figure 3 Acceleration spectra 

Fig. 3 plots the acceleration spectra of 4 ground 
motions accompanied by the design spectrum. In this 
study, the peak ground accelerations (PGAs) are scaled to 
0.3g for Models 1 and 3 and 0.2g for Model 2. 

3.2 Damper Design 

Dampers are placed on the stories of the structure with 
the chevron braces, as shown in Fig. 1a. The stiffness of 
the braces is all assumed as  . 

3.2.1 Mechanical Model of Damper 

Elasto-perfectly plastic hysteresis of the damper is 
represented by the Bouc-Wen model in the following form 
[26]:  
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where fd(t) and ud(t) are the force and drift of the damper, 
respectively, kd is the elastic stiffness, udy is the yielding 
drift, α is the post- to pre-yielding stiffness ratio, A, β, γ 
and η are non-dimensional parameters controlling the 
shape and the size of the hysteresis loop, and  du t  and 

 z t  denote the time derivative.  

3.2.2 Determining Mechanical Parameters of Dampers 

The mechanical parameters of the damper, such as α, 
A, β, γ and η are attained by trials: α = 0, A = 1, β = 0.9, γ = 
0.1 and η = 500. Other parameters, e.g. kd,i, udy,i and µi, (i = 
1, 2, …, n) are determined by iterative calculations in the 
design procedure. In this procedure, some parameters are 
determined in the following: θ is valued as 1/250, which is 
consistent with the statement in the seismic code [25]; the 
ductility factor µ and the iterations are set to 4 and 15, 
respectively. The same value is assigned to Kd/Kf for the 4 
ground motions to avoid generating discrete solutions. 
Although udy,i and µd,i  are calculated under individual 
ground motion, their averages over the 4 ground motions 
are adopted to ensure the solutions being more accurately 
approximated. Tab. 2 lists the solutions of the three models. 

Table 2 Parameters of dampers. 

Story No. 
Model 1 Model 2 Model 3 

kd,i / kN/cm udy,i / cm µi kd,i / kN/cm udy,i / cm µi kd,i / kN/cm udy,i / cm µi 

1 5181.61 0.44 4.00 0.00 0.40 4.05 5165.79 0.51 4.01 
2 8615.14 0.28 4.00 0.00 0.28 4.03 8674.93 0.31 4.04 
3 7641.52 0.27 4.01 0.00 0.26 4.03 7649.56 0.32 3.99 
4 8442.53 0.27 3.97 440.61 0.27 4.05 8551.15 0.32 4.09 
5 7551.30 0.26 4.03 115.55 0.27 4.04 1756.99 0.32 3.95 
6 5970.69 0.27 4.00 860.78 0.27 4.04 380.44 0.32 3.98 
7 5322.72 0.28 4.02 6779.59 0.28 3.92 651.47 0.34 3.93 
8 3413.73 0.30 3.93 4841.46 0.28 3.94 0.00 0.35 3.99 
9 1763.18 0.34 4.01 3018.13 0.30 3.98 0.00 0.38 3.97 
10 0.00 0.36 4.00 1165.75 0.34 4.05 0.00 0.30 3.98 

3.3 Numerical Results and Analysis 

Time history analyses on the three models 
with/without the dampers subjected to the 4 ground 
motions are performed. Figs. 4 to 6 show the story drift 
angles of the three models, including the response for the 
individual ground motion, the averaged response over the 
4 ground motions and the response limit. Some phenomena 
can be seen: 

(1) For the uncontrolled structures, Model 1 develops
a uniform distribution of story drift angle along the height 
except that the top story has a relatively small drift angle. 

Models 2 and 3 develop considerable story drift angles in 
the upper 4 stories and the lower 4 stories, respectively, as 
expected. The peak story drift angles of the 3 models all 
exceed 1/250. 

(2) For all three controlled models, although the story
drift angles from some individual ground motion exceed 
the limit of 1/250, the story drift angles are all effectively 
reduced below 1/250 on average. What is more, an 
approximately uniform distribution of story drift angle 
along the height is achieved for the structure, whether it is 
regular in elevation or not. Comparisons show that the 
proposed program is effective. 
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(a)                                                                                                                           (b) 

Figure 4 Story drift angles of Model 1. (a) Uncontrolled structure; (b) Controlled structure 
 

 
(a)                                                                                                                          (b) 

Figure 5 Story drift angles of Model 2. (a) Uncontrolled structure; (b) Controlled structure 
 

 
(a)                                                                                                                             (b) 

 Figure 6 Story drift angles of Model 3. (a) Uncontrolled structure; (b) Controlled structure.  
 
Comparing Tab. 2 with Figs. 4 to 6, it is shown that the 

distribution of damper’s elastic stiffness along the height 
seems to match the story drift angle distribution of the 
uncontrolled structure. Model 1 has dampers on all the 
stories except the top level. Because the upper 4 stories are 
soft in Model 2, the damper's elastic stiffness on the upper 
4 stories are much larger than those on other stories. 
Similarly for Model 3, the dampers on the lower 4 stories 

have evidently increased elastic stiffness relative to other 
stories, attributed to the lower soft stories.  

Taking Model 1 for example, Fig. 7 plots the hysteretic 
curves of the dampers on each story. As expected, the 
dampers appear elasto-perfectly plastic mechanical 
properties with more energy dissipation, which indirectly 
validates the correctness of the calculations and the 
effectiveness of the design procedure. 
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           (a)                                                                                                 (b) 

 
            (c)                                                                                                 (d) 

 
            (e)                                                                                                  (f) 

 
          (g)                                                                                                   (h) 

 
               (i) 

Figure 7 Hysteretic curves of dampers. (a) The 1st  story; (b) The 2nd story; (c) The 3rd story; (d) The 4th story; (e) The 5th story; (f) The 6th story; (g) The 7th story; (h) The 8th 
story; (i) The 9th story 
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4 CONCLUSIONS 

In this study, a new methodology for seismic control 
design of MDOF structures is put forward. The structure is 
a shear-type building frame, and the hysteretic damper is 
modeled to be elasto-perfectly plastic. Referring to 
literature [22], the mechanical parameters of the damper, 
the supplemental system (damper + brace) and the 
controlled structure are defined. Based on modal analysis 
method, the controlled MDOF structure is converted to the 
equivalent SDOF structure, then the elastic stiffness of the 
damper kd,i is formulated, which is consistent with that in 
literature [22]. A procedure is compiled to achieve the 
mechanical parameters of the damper on each story of the 
MDOF structure, such as the elastic stiffness, the yielding 
drift and the ductility factor. Finally, the procedure is used 
for seismic control design of three example structures, 
among which one is regular in elevation and others have 
soft stories in upper or lower stories. Time history analyses 
show that not only the story drift angles of the controlled 
structures are effectively reduced, but also the controlled 
structures appear an approximately uniform distribution of 
story drift angle along the height, whether it is regular in 
elevation or not. In addition, the procedure is universal for 
any code-consistent structure. 

The proposed methodology is feasible for practical 
application. However, due to µ and Kd/Kf being valued 
arbitrarily, the solutions may be not optimal. Future 
research will be conducted to search the optimum 
mechanical parameters of dampers in order to assure the 
safety of structures at a small cost. 
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