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Abstract 
The use of low-yield-strength steel damper columns in mid- and high-rise reinforced concrete (RC) buildings is widely 
recognized as an effective solution for reduction of the seismic response. However, in some cases, RC frames may be 
designed as “traditional” moment-resisting frames, which satisfy the current seismic design code of Japan without 
providing the effect of a damper column. Hence, steel damper columns installed in those frames are considered only as 
supplemental members. For the rational seismic design of such structures, it is preferable to consider the structural balance 
of RC frames and steel damper columns. 

In recent years, seismic design has shifted from so-called force-based design to displacement-based design. In 
displacement-based seismic design, the properties of the structure are determined such that the response displacement for 
a given design earthquake does not exceed a predetermined limit. One motivation of installing dampers is reducing the 
displacement response, and the method of designing RC structures with dampers should thus be based on displacement. 
Studies have investigated displacement-based design procedures for RC frames with buckling-restrained braces. However, 
from the viewpoint of the authors, most of these studies focused on the method of determining the properties of buckling-
restrained braces for predetermined RC frames. For better seismic design of such structures, the properties of RC frames 
should be adjusted considering the balancing of strength and stiffness between dampers and frames. 

This paper presents a simple displacement-based seismic design method for RC frames with steel damper column. The 
proposed method is outlined as follows. 

1. From the number of stories of the building considered, assume the equivalent height and equivalent mass of the
equivalent single-degree-of-freedom (SDOF) model. Next, assume the yield displacement of RC frames and
dampers and the ratio of the yield strength of RC frames and dampers.

2. Set the displacement limit of the equivalent SDOF model for the design seismic input.

3. Calculate the equivalent damping of the equivalent SDOF model at the displacement limit. Next, calculate the
demand yield strength of the equivalent SDOF model using the equivalent linearization technique.

4. Determine the properties of the steel damper column for each story.

5. Determine the properties of the RC members, assuming that the locations of potential yield hinges are the ends of
beams (except the beam ends connected to steel damper columns) and the bottom ends of the columns of the first
story.

As a numerical example, the design of a 10-story RC frame building model is shown. The results of nonlinear time-history 
analysis show that the peak story drift of the building model is close to the predetermined design limit. The strength 
demand of the beam ends connected to the steel damper columns obtained in nonlinear time-history analysis and nonlinear 
static analysis are compared and discussed. 

Keywords: Multi-story Reinforced Concrete Frame Structure, Steel Damper Column, Seismic Damping System, 
Displacement-controlled Seismic Design 
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1. Introduction 
In the seismic design of new reinforced concrete (RC) buildings and the seismic retrofit of existing RC 
buildings, the use of energy-dissipating members (dampers) has recently become popular (e.g., [1]). However, 
in some cases, RC frames may be designed as “traditional” moment-resisting frames, which satisfy the current 
seismic design code of Japan without providing the effect of damper columns. Hence, steel damper columns 
installed in those frames are considered only as supplemental members. For the rational seismic design of such 
structures, it is preferable to consider the structural balance of RC frames and steel damper columns. 

In recent years, seismic design has shifted from so-called force-based design to displacement-based 
design. In displacement-based seismic design, the properties of the structure are determined so that the 
response displacement for a given design earthquake does not exceed a predetermined limit (e.g., [2]). One 
motivation of installing dampers is reducing the displacement response, and the design method of RC 
structures with dampers should thus be based on displacement. Studies have addressed the displacement-based 
seismic retrofit design procedure for RC frames with buckling-restrained braces (e.g., [3]). However, from the 
viewpoint of the authors, most of those studies focused on the method of determining the properties of 
buckling-restrained braces for predetermined RC frames. For better seismic design of such structures, the 
properties of RC frames should be adjusted considering the balancing of strength and stiffness between 
dampers and frames. 

This paper presents a simple displacement-based seismic design procedure for RC frames with steel 
damper columns. Then, as an example, a 10-story RC building with steel damper columns is designed and its 
seismic response is investigated through nonlinear static and dynamic (time history) analyses. 

2. Outline of the Proposed Design Procedure 
The building considered in this study is regular in both plan and elevation. Figure 1 shows the steel damper 
column considered in this study and the design yield mechanism of the RC frame. In the damper column shown 
in Figure 1(a), low-yield-strength steel is used for the shear panel, which absorbs the hysteresis energy [4]. In 
this study, the resistance of a damper column to out-of-plane loading is assumed negligible. All RC frames are 
designed according to the strong-column weak-beam concept except at the foundation level beam, and in the 
case of the steel damper column installed in an RC frame. In that case, at a connection joint of an RC beam 
with an installed steel damper column, the RC beam is designed to have strength sufficiently higher than the 
yield strength of the steel damper column considering strain hardening (Figure 1(b)).  

 
Fig. 1 – Steel damper column and design yield mechanism of RC frames. 
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Figure 2 shows the flow of the design procedure. This study presents a simple displacement-based 
seismic design method for RC frames with steel damper columns. The concept of the design procedure is the 
same as that of the direct displacement-based seismic design presented in the literature [2]. The design ground 
motion is given in the form of an elastic response spectrum with 5% critical damping. The strength demand of 
the designed structure is determined adopting an equivalent single-degree-of-freedom (SDOF) model and 
equivalent linearization [5].  

 
Fig. 2 – Flow of the design procedure. 

The detail of the proposed procedure is as follows. 

2.1 STEP 1: Assumption of the properties of the equivalent SDOF model  

The equivalent mass M1
* and equivalent height H1

* are determined from the properties (i.e., the number of 
stories N, story height, area of each floor, and weight of the floor per unit area) of the building to be designed. 
To determine M1

* and H1
*, the first-mode vector 1Γ 1φ  is approximated using an inverted triangle: 
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where M is the mass matrix, mj (j = 1 to N) is the mass of the j-th floor, and Hj is the height of the j-th floor 
from the basement. 

The ratio of the equivalent yield strength of dampers to RC frames, rQ = Q1yd
* / Q1yf

*, and the equivalent 
yield drifts of dampers and RC frames, Ryd

* and Ryf
* respectively, are then assumed for the calculation of the 

equivalent damping at the assumed peak (target) displacement, h1eq. For the simplicity, the ratio rQ is assumed 
as the ratio of the number of damper columns in the considering direction to RC columns in each story. 

2.2 STEP 2: Assumption of the peak displacement 

The limit of the equivalent peak drift angle, Rlimit
*, is determined considering the allowable damage level for 

the design ground motion. The assumed peak (target) displacement, D1limit
 *, is then assumed as the product of 

Rlimit
*

 and H1
*. 
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2.3 STEP 3: Determination of the strength demand 

The equivalent damping at D1limit
 * is calculated as 

 1 1
eqf Q eqd

eq
Q

h r h
h

r
+

=
+

, (3) 

 ( ) ( )* * * *20.20 1 0.05, 0.6 1eqf yf limit eqd yd limith R R h R R= − + = × −
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, (4) 

where heqf and heqd are respectively the equivalent damping ratios of RC frames and dampers. The equivalent 
(secant) period of the equivalent SDOF model T1eq that satisfies the equation 
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is then found, where SD(T, 0.05) is the response displacement spectrum for the design ground motion. The 
yield strength demand of the equivalent SDOF model, Q1y

*, is  

 ( )2* * * * *
1 1 1 1 1 12y y eq limitQ M A M T D= = π . (6) 

The equivalent yield strengths of the dampers and RC frame, Q1yd
* and Q1yf

* respectively, are  

 * * * *
1 1 1 1

1,
1 1

Q
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Q Q
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Q Q Q Q

r r
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. (7) 

2.4 STEP 4: Selection of the damper column 

The shear strength demand of the damper column for each story is determined from Q1yd
* obtained in STEP 3. 

The vertical distribution of the shear strength demand for the j-th story, Qydn, is assumed to be proportional to 
the story shear force distribution corresponding to the external force ( ) *

1 1yA= Γ 1p M φ : 

 * * *
1 1 1 1 1

1

N N N

ydj k k yd k k k k yd
k j k j k

Q m Q M m H m H Q
= = =

   
= Γ ϕ ≈   
   
   . (8) 

The proper damper column is then selected.  

2.5 STEP 5: Determination of the member section of the RC frame 

The design moment at the potential yield hinge section is determined from limit analysis such that the base 
shear of RC frames without damper columns is larger than the equivalent yield strength demand obtained in 
STEP 3, Q1yf

*. To determine the section of RC beams, the size of the steel damper column is carefully 
considered such that it is not too weak and/or flexible compared with the damper column. 

2.6 STEP 6: Estimation of the peak displacement 

The lower bound (LB) model is constructed according to the selected damper column and determined RC 
member sections. The yield strength of all damper columns is assumed to be the initial yield strength of the 
damper panel, QyDL. Nonlinear properties of RC members are considered at potential hinge zones while simple 
linear behavior is considered at non-hinge member ends by assuming the stiffness of the cracked section (or a 
bilinear relationship is considered on the basis of the cracking of the member section).  
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Pushover analysis is then adopted and the peak response is predicted through equivalent linearization. 
The equivalent linearization technique has been detailed in the literature [6]. 

2.7 STEP 7: Determination of the strength demand at the non-hinge beam end 

The upper bound (UB) model is constructed according to the selected damper column and determined RC 
member sections. The yield strength of all damper columns is assumed to be the UB of the yield strength after 
strain hardening due to appreciable cyclic loading of the damper panel, QyDU. The nonlinear properties of RC 
members are the same as those in the LB model.  

Pushover analysis is then carried out and the peak response is predicted through equivalent linearization. 
The strength demand at the non-hinge beam end is the envelope of the results obtained from LB and UB models. 
The strength demand of the non-hinge zone at the RC column and shear strength demand of all RC members 
may be determined according to design guidelines [7]. 

3. Design Example 
3.1 Building data 
3.1.1 Example Building and Design Ground Motion 
The example building has the 10-story RC moment-resisting frame shown in Figure 3. The span of beams is 
7.5 m while the story height is 4.5 m for the first story and 3.2 m for the upper stories. The unit mass per floor 
is assumed to be 1.2 ton /m2. Four damper columns are installed for each story in X- and Y-directions. The 
building structure is assumed pin supported.  

 
Fig. 3 – Plan and elevation of the model building. 

The design ground motion is the spectrum taken from the Building Standard Law of Japan [8] with 
consideration of the type-2 soil condition. The pseudo acceleration spectrum with 5% critical damping is  

 ( )
( )

24.8 45 m s 0.16 s
,0.05 12.0 0.16 s 0.864 s

12.0 0.864 0.864 s
p A
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where T is the natural period of the elastic SDOF model. 

3.1.2  Design of an Example Building 
Steps 1 through 5 of the design of the example building are carried out as follows. 

In step 1, the equivalent mass and equivalent height of the equivalent SDOF model are calculated from 
the number of stories, story height, and floor areas using Eq. (1). The calculated equivalent mass M1

* is 8734 
ton while the equivalent height H1

* is 18.34 m. The ratio of the equivalent yield strength of dampers to RC 
frames is assumed from the number of damper columns and RC columns in each story as rQ = 4/25 = 0.16. 
The equivalent yield drift of RC frames Ryf

* is assumed as 1/150 while that of dampers Ryd
* is assumed as 1/500.  

In step 2, the limit of the equivalent peak drift angle Rlimit
* is assumed as 1/75. From this assumption, the 

assumed peak displacement is calculated as D1limit
 * = 0.2445 m.  

In step 3, the equivalent damping ratio of RC frames and dampers are calculated using Eq. (4) as heqf  = 
0.109 and heqd = 0.234. The equivalent damping of the equivalent SDOF model is then calculated using Eq. 
(3) as h1eq = 0.126. Next, the equivalent (secant) period is estimated using Eq. (5) as T1eq = 1.402 s. Figure 4 
shows the estimation of T1eq and A1y

* adopting the equivalent linearization technique. For h1eq = 0.126, the 
reduced pSA–SD relationship is drawn as the blue curve. Then from SD(T1eq, 0.126) = D1limit

* = 0.2445 m, A1y
* is 

easily obtained as the intersection of the reduced pSA–SD curve and the vertical dotted line (D1
* = 0.2445 m); 

i.e., 4.91 m/s2. The equivalent period is obtained from the tangent of the dotted line as T1eq = 2π(0.245/4.91)0.5 
= 1.402 s. 

Ratio of the yielding strength          : rQ = 0.16 
Equivalent yield drift of RC frames: Ryf

* = 1/150 
Equivalent yield drift of dampers    : Ryd

* = 1/500
Limit of equivalent peak drift          : Rlimit

*  = 1/75
Equivalent damping of equivalent SDOF model: 

1
0.109 0.16 0.234 0.126

1 0.16eqh + ⋅= =
+

 
 

 
Fig. 4 – Estimation of T1eq and A1y

*. 

From Eq. (6), the yield strength demand of the equivalent SDOF model is determined as Q1y
* = 8734 ton 

× 4.91 m/s2 = 42.88 MN. Therefore, from Eq. (7), the equivalent yield strengths of dampers and RC frames 
are respectively determined as Q1yd

* = 5.914 MN and Q1yf
* = 36.97 MN. 

In step 4, the shear strength demand of damper columns of each story is determined for Qyd
* = 5.914 MN, 

considering the vertical distribution of the shear strength demand proportional to the story shear strength 
demand corresponding to ( ) *

1 1yA= Γ 1p M φ . Table 1 lists the selected damper columns. The damper columns 
are chosen from a catalog provided by JFE Civil Corporation Engineering Co. Ltd. [9] such that the sum of 
the LB strength QyDL of damper columns is larger than the shear strength demand for each story. The initial 
normal yield stress of the steel used for damper panels is assumed as 205 N/mm2 while the nominal yield stress 
after appreciable cyclic loading is assumed as 300 N/mm2.  
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Table 1 – Selected damper columns 

Story 
Yield Strength Panel Thickness Panel Sectional Area Column 

QyDL (kN) QyDU (kN) tp (mm) ASDd (mm2) (mm × mm × mm × mm) 
10 438 641 6 3,700 H - 600 × 200 ×12 × 25 
9 626 916 9 5,290 H - 600 × 250 ×16 × 32 
8 755 1,105 9 6,380 H - 700 × 300 ×16 × 28 
7 968 1,417 9 8,180 H - 900 × 300 ×16 × 28 

5 to 6 1,251 1,831 9 10,580 H - 600 × 250 ×16 × 32 × 2
1 to 4 1,511 2,211 9 12,760 H - 700 × 300 ×16 × 28 × 2

 

In step 5, the design moment at the potential hinge of RC beams, My, is determined from (a) the moment 
obtained in the limit analysis of the RC frame without a damper column based on the principal of virtual work 
and (b) the moment calculated from the equilibrium condition at the connection of RC beams with steel damper 
columns, assuming the shear force of the damper column is equal to QyDL and an anti-symmetrical distribution 
of the bending moment, for consideration of the strength balance of RC beams and steel damper columns at 
non-hinge beam ends. In this study, My, is taken as the maximum of the values obtained in (a) and (b).  

Figure 5 shows the determination of the design moment of the beam at the potential hinge while Table 2 
lists sections at potential hinges. Note that the cross sections for all RC columns are 900 mm × 900 mm, which 
is the same as the cross section at the bottom of the first story. The cross sections of the RC beams at the 
foundation level are 800 mm × 1900 mm. The yield strength of the longitudinal reinforcement is assumed as 
σy = 1.1 × 390 = 429 N/mm2. The assumed compressive strength of concrete is 33 N/mm2 for the first and 
second stories, 30 N/mm2 for the third to fifth stories, and 27 N/mm2 above the sixth story. 

 
Fig. 5 – Determination of the design beam strength. 

Table 2 – Sections at potential hinges 

Member Location Width b (mm) Depth D (mm) Longitudinal reinforcement 

Beam 

7th to Roof floor 500 900 10 – D29 (Top and bottom) 
6th floor 550 900 8 – D32 (Top and bottom) 
5th floor 550 900 9 – D32 (Top and bottom) 

3rd to 4h floor 600 900 8 – D35 (Top and bottom) 
2nd floor 800 900 9 – D38 (Top and bottom) 

Column 1st Story (Bottom) 900 900 24 – D29 
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3.1.3 Modeling of the Structure 
The building is modelled as a plane frame model. All frames are connected through a rigid slab. Figure 6 shows 
a model of the frame. A rigid zone is considered at each member end. For the RC beams connected to the RC 
columns, the length of the rigid zone is assumed as half the depth of the intersected column minus one-fourth 
the depth of the considered beam, while the length of the rigid zone of each RC column is assumed as half the 
depth of the intersected beam minus one-fourth the depth of the considered column. Additionally, for beams 
connected to a steel damper column, the length of the rigid zone is assumed as half the depth of the intersected 
damper column while the length of the rigid zone of each steel damper column is assumed as half the depth of 
the intersected beam (i.e., 0.45 m). All RC members are modelled as a one-component model with a nonlinear 
flexural spring at each end while steel damper columns are modelled as an elastic column with a nonlinear 
shear spring in the middle. 

 
Fig. 6 – Modeling of the frame. 

Figure 7 shows envelopes of the force–deformation relationship of members. The envelopes are assumed 
to be symmetric in positive and negative loading directions. In this figure, Mc and My are respectively the crack 
and yield moments of RC members while θc and θy are respectively the crack and yield rotational angles of RC 
members. For the calculation of Mc and My of each RC column, only the axial force attributed to the vertical 
load is considered. In Figure 7(a), the secant stiffness degradation ratio (αy) of the flexural spring at the yield 
point is calculated according to Sugano’s equation following Koreishi [10]. Note that at a non-hinge member 
end (i.e., a beam end connected to a damper column, or a column end except that at the bottom of the first 
story), the bilinear envelope shown in Figure 7(b) is assumed except a beam at the foundation level; i.e., the 
tangent stiffness degradation ratio after cracking (α1) is assumed as 0.2 for the non-hinge ends of RC columns 
while the same value as for the opposite side end is used at a non-hinge end of an RC beam. The flexural 
behavior of a beam at the foundation level is assumed linear elastic. The shear behavior of all RC members is 
assumed linear elastic. In nonlinear static analysis, the bilinear envelope shown in Figure 7(c) is assumed for 
the damper panel. In Figure 7(c), γyDL and γyDU are respectively the yield shear angle of the damper panel for 
LB and UB models. The axial behavior of all vertical members is assumed to be linearly elastic. 

 
Fig. 7 – Envelope of the force–deformation relationship. 
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In nonlinear time history analysis, the Muto hysteresis model [11] with one modification is used to 
model the flexural spring in RC members, as in a previous study [6], while the hysteresis model proposed by 
Ono and Kaneko [12] is used to model the shear behavior of the damper columns with consideration of the 
strain–hardening behavior. Note that the initial yield strength of the damper panel is assumed as QyDL while 
the UB yield strength is assumed as QyDU, as in a previous study [13]. 

The damping matrix is assumed to be proportional to the instant stiffness matrix without a damper 
column. The damping ratio of the elastic first mode of the model without a damper column is assumed as 0.05. 

3.2 Ground Motion 
Three artificial ground motions are generated. The target elastic spectrum with 5% critical damping is the same 
as that of the design ground motion (i.e., Eq. (9)). Figure 8 shows the pseudo acceleration spectrum and time 
history of the generated ground motions. 

 
Fig. 8 – Ground motions used in the nonlinear time history analysis. 

4. Analysis Results 
This section evaluates the seismic response of the example building designed through steps 1 to 5 adopting 
nonlinear time-history analysis. The strength demand at the non-hinge beam end (i.e., the beam end connected 
to the damper column) predicted by nonlinear static analysis using the UB model is then compared with the 
results of time-history analysis. These results correspond to steps 6 and 7 in the presented design procedure. 
4.1 Nonlinear static analysis 
Figure 9 shows the relationship of the equivalent acceleration A1

* versus equivalent displacement D1
* of the 

LB and UB models obtained from displacement-based mode-adaptive pushover analysis (DB-MAP analysis) 
[14]. The equivalent acceleration and displacement at step n, nA1

* and nD1
* respectively, are calculated from 

the pushover analysis results as  

 * *1 1
1 1* *

1 1

,n n
n n

n n

A D
M M

Γ Γ= = = =
T TT T

n 1 n R n 1 nn n R n n
T T

n n

φ f φ M dd f d M d
d M1 d M1

, (10) 

 { } { }1 2 1 2,n n n N n R n R n RNy y y f f f= =T T
n n Rd f  , (11) 

where nd and nfR are respectively the displacement and restoring-force vector at step n. Note that in equation 
(10), the first-mode vector at step n of DB-MAP analysis, 1nΓ n 1φ , is assumed to be proportional to the 
displacement vector. The contributions of RC frames and damper columns to the equivalent acceleration, nA1f

* 
and nA1d

* respectively, are calculated as 
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 * *1 1
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1 1

,n n
n f n d

n n

A A
M M

Γ Γ= = = =
T T TT

n 1 n Rf n 1 n Rd n n Rdn n Rf
T T

n n

φ f φ f d fd f
d M1 d M1

, (12) 

 { } { }1 2 1 2,n Rf n Rf n RfN n Rd n Rd n RdNf f f f f f= =
T T

n Rf n Rdf f  , (13) 

where nfRf and nfRd are respectively the restoring force vectors of RC frames and steel dampers at step n. Note 
that the restoring-force vector nfR is equal to the sum of nfRf and nfRd, which are respectively calculated from 
the shear forces of RC columns and steel damper columns. The dotted horizontal lines in Figure 9(a) indicate 
A1y

* = Q1y
*/M1

*, A1yf
* = Q1yf

*/M1
*, and A1yd

* = Q1yd
*/M1

* estimated in step 3 while the dotted vertical lines indicate 
the assumed peak displacement D1limit

 *. The peak responses predicted adopting the equivalent linearization 
technique are also shown for both the LB and UB models. The results of pushover analysis presented in Figure 
9(a) show that the designed building structure satisfies the equivalent strength demand determined in step 3. 

 
Fig. 9 – Properties of equivalent SDOF models. 

In Figure 9, the peak responses predicted using LB and UB models exceed the assumed peak 
displacement D1limit

 *. One reason is that, in the pushover analysis, the vertical distribution of horizontal 
displacement differs from an inverted triangle; i.e., the story drift for upper stories is smaller than that for lower 
stories, and RC beams of the upper stories do not yield. Another reason is that adoption of the equivalent 
linearization technique applied here results in predictions that are too conservative as discussed later. 
4.2 Comparisons of the peak response obtained from nonlinear time-history analysis 
Figure 10 compares the peak response obtained from the nonlinear static analysis and the nonlinear time-
history analysis results. As shown in Figure 10 (a), the peak story drift obtained from nonlinear time-history 
analysis is close to the limit of the equivalent peak drift angle (R = Rlimit

* = 1/75) for the lower stories and 
smaller for the upper stories, although the peak story drifts obtained from static analysis with the LB and UB 
models are larger than 1/75. The normalized shear force of damper columns (QDmax/QyDL) obtained from the 
nonlinear time-history analysis is close to the static analysis results obtained using the UB model, as shown in 
Figure 10(b). The maximum moment at the non-hinge beam end obtained from the static analysis results of 
the UB model is slightly smaller than the nonlinear time history analysis results, as shown in Figure 10(c). 

For the example building considered in this study, the peak drift predicted by nonlinear static analysis 
using the LB model is too conservative. The estimation of the peak displacement from the pushover analysis 
of the LB model corresponds to STEP 6 of the proposed design procedure, and the accuracy of the evaluated 
peak drift may therefore be acceptable for preliminary design purposes. However, improvements in the 
prediction of the peak response may be needed. According to the determination of the strength demand at the 
non-hinge beam end in STEP 7, nonlinear static analysis using the UB model may be applicable for preliminary 
design purposes. 
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Fig. 10 – Comparisons of peak responses. 

5. Conclusions 
A simple displacement-based seismic design procedure for RC frames with steel damper columns was 
presented. As an example, a 10-story RC building with steel damper columns was designed and its seismic 
response was investigated in nonlinear static and time-history analysis. The main contributions and results of 
the paper are as follows. 

(1) The presented simplified displacement-based seismic design procedure successively controls the peak 
drift of an example 10-story RC building. The largest peak drift obtained from the results of time-history 
analysis is close to the predetermined drift limit. However, the peak response predicted in nonlinear 
static analysis using the LB model is too conservative. 

(2) The strength demand at the non-hinge beam end can be evaluated from pushover analysis using the UB 
model. However, since the evaluated result is slightly smaller than the nonlinear time-history analysis 
results, margin of safety is needed for the design purpose. 

Only one example was presented in this paper. Further investigations for different numbers of stories 
and a vertical distribution of damper columns are needed to validate the design procedure. It is also important 
to improve the technique of predicting the nonlinear peak displacement of the equivalent SDOF model 
representing RC structures with hysteresis dampers. 
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