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Abstract: This study proposes a capacity spectrum Method (CSM)-based procedure to estimate the
maximum seismic performance of steel buildings passively controlled with bilinear oil dampers. In
the proposed CSM, the maximum seismic response of a building was estimated, in the acceleration-
displacement response spectrum, as the intersection between the capacity curve and the damping-
adjusted demand curves, using the equivalent linearization method. The building equivalent damp-
ing ratio was determined by the sum of the inherent damping, and the square root of sum of squares
(SRSS) of the hysteretic damping and the viscous damping of the supplemental oil devices. The
calculation steps of the proposed CSM are explained in detail based on the equivalent single de-
gree of freedom (ESDOF) system, and its accuracy was examined by comparison with time history
analysis (THA) results. Two model steel buildings of 4 and 10 stories, uniformly equipped with oil
dampers along the height, were subjected to six selected earthquake ground motions scaled to be
compatible with Level-2 earthquakes, as defined in the Japanese Building Standard Law. The seismic
performance of the buildings was estimated by the proposed CSM procedure and compared with the
results of nonlinear THA in terms of the maximum story displacements and the shear forces. It was
observed that the proposed CSM scheme provided a satisfactory accuracy to assess the maximum
nonlinear response of steel buildings passively controlled with oil dampers.

Keywords: bilinear oil damper; steel structure; capacity spectrum method; passively controlled
buildings

1. Introduction

The capacity spectrum method (CSM) is a practical tool to evaluate the seismic perfor-
mance of buildings using a response spectrum and an equivalent linear system. Since its
original development by Freeman in 1975, it has been modified and adopted by different
organizations [1]. For instance, in 1980, the Applied Technology Council (ATC) published
guidelines to evaluate building performance using the CSM concept [2]. Similarly, in 1998,
the Building Standard Law of Japan adopted the concept of CSM as one of the proce-
dures for the seismic design of buildings [3]. Likewise, many researchers have assessed
the accuracy of the method and applied it over a wide range of structural systems [4].
Consequently, a number of modifications have been proposed to improve the application
of CSM depending on the structural type of buildings.

Generally, the seismic assessment and design of structures equipped with damping
devices require nonlinear time history analysis (THA), which is highly time-consuming.
Some straightforward procedures have been proposed by researchers to evaluate the
seismic performance of passively controlled buildings. Choi and Kim [5] developed a
CSM-based procedure to estimate the amount of supplemental viscous damping, for a
multi-story building, required to reduce roof displacement in the range of pre-defined
target displacement. A similar concept is further illustrated by Kim et al. [6], and Li and
Liang [7]. The study conducted by Chen et al. [7,8] introduced an improved version of
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CSM to estimate the number of metallic dampers under earthquake loads. In the cases
of the buildings with viscoelastic dampers, Han et al. [9] employed CSM to analyze
the performance of the passively controlled buildings. Benavent-Climent and Escolano-
Margarit [10] compared shaking table test results of the scaled specimens equipped with
hysteretic dampers and those obtained by the improved CSM procedures, and it was
reported that the improved CSM had the potential to estimate maximum displacement
with acceptable accuracy. Kim et al. [11] discussed the optimal distribution of steel dampers
along the height of the structures using the CSM procedure. Kosmas et al. [12] proposed an
alternative CSM method using the constant ductility inelastic spectra to estimate the seismic
performance of structures with viscous dampers. Joao Estevao [13] incorporated the CSM
method to investigate the seismic risk of buildings in a seismically active region using
capacity curves of individual buildings. Furthermore, the effectiveness of CSM to design
and evaluate the retrofitting of RC buildings is extensively discussed and reported by
researchers [14,15]. Ramirez et al. [16] proposed the following two simplified procedures,
similar to CSM: the equivalent lateral force (ELF) and response spectrum procedures (RSP),
which are adopted in the 2000 NEHRP and ASCE? provisions for the design of passively
controlled buildings. In the ELF method, the contributions of the first mode and residual
mode are incorporated, whereas in the RSP method, the contributions of higher modes are
also considered to estimate the response of buildings with damping devices.

The oil damper device (OD) is widely used due to its excellent performance, includ-
ing its durability of aging, durability under repeated loading cycles, low temperature
dependence, high energy dissipation capacity, and stable mechanical properties [17-20].
The bilinear-type oil damper, which has a relief valve and reduces the rate of increase in
damping force when the relief velocity is exceeded, is commonly used in Japan, especially
for high-rise buildings. Adachi et al. [21,22] introduced a design procedure to minimize
the story drift and acceleration of high-rise buildings by optimizing the OD relief force
distribution along the height of the building. Ji et al. [23] reported about the contribution
of OD in a real size five-story steel building, tested on the E-defense shaking table in
Japan. Xie et al. [24] examined the performance of an eight-story steel building equipped
with oil dampers damaged during the 2011 Great East Japan Earthquake. Takabatake
and Kitada [25] proposed a simplified procedure to evaluate the seismic performance of a
retrofitted building with OD installed inside and outside of the structural frame.

Although the seismic performance of buildings with hysteretic and viscous dampers
are studied extensively, few studies have been conducted on the CSM methods for passively
controlled buildings with bilinear-type oil dampers. Therefore, this study proposes a CSM-
based method to estimate the maximum responses of passively controlled buildings with
bilinear-type oil dampers, and the results are compared with those of nonlinear THA.

2. Proposal of the Square Root of Sum of Squares (SRSS) Effective Damping Ratio

The equivalent damping ratio, 4, of a hysteresis damper is defined [26] as,

M) = 4= 0

where AW}, is the hysteresis energy under one cycle of hysteresis and W is the area of elastic
strain energy. For the bilinear hysteresis, as shown in Figure 1a, they are obtained as,

AW, = 4 K og(p—1)(1—p) 2)
W:%K(sj u ®)
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Figure 1. (a) The force-displacement relation of the bilinear hysteresis model; (b) the force-velocity
relation of bilinear-type oil damper.

In the Equations (2) and (3), dy is the yield displacement of the system, y is a dis-
placement ductility factor, K is the initial stiffness, and p is the ratio of post-yield to
pre-yield stiffness.

In the same way, the equivalent damping ratio, hy, of an oil damper is defined as

1 AW,

where AWy is the area of one cycle of force-velocity relation of the oil damper, given by,
AW, = 1t Cw 1?55 5)

where C is the damping coefficient of the oil damper and w is the equivalent circular
frequency of the system.

In the system with a hysteresis damper and an oil damper, according to the Building
Standard Law of Japan [3], the effective damping ratio, K, of a seismically isolated building
is defined by the direct sum of three types of damping ratios as given in Equation (6).

heff,Direct =ho+hy+ hy (6)

where h is the inherent damping ratio.

Kasai et al. [27,28] proposed a formula of the effective damping ratio as the average of
the equivalent damping ratio in the range of 0 to y as given in Equation (7). It is reported
that the accuracy of this formula is relatively high to estimate the earthquake response of
the system. However, it is difficult to obtain an explicit analytical solution for the general
hysteresis model.

H K
1 1
hegpaai = 5 [ hea () = - [ (i (1) + o)) 7)
0 0

= |

The current research study proposed a formula to calculate the effective damping
ratio from the sum of the inherent damping, and the SRSS of the equivalent hysteresis and
viscous damping ratios as given in Equation (8).

heff,srss = ho + \/ 15 + 13 ®)

The comparison of the values of the effective damping ratio for the three procedures
(Mg Directs Mefr,srss, and Mg kasqi) With respect to the ductility factor is shown in Figure 2,
where the post-yield stiffness ratio, p, and the initial damping factor, hy, are varied as
p = 0.01~0.05 and hg = 0.05~0.3. It is depicted that the proposed K srss becomes closer to



Appl. Sci. 2021, 11, 2687

40f15

Effective Damping
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Figure 2.

Ductility Factor

Comparison of different procedures to estimate the effective damping ratio.

In the case of the bilinear-type oil damper, the equivalent damping coefficient, C,y, is
proposed in the JSSI manual so that the area under the equivalent linear damping should
be equal to the area of bilinear force-velocity relation as shown in Figure 1b [17], and

derived as )
C 1 2C 1
ceq—12+c2(1—) +1<1—) )
Hx Hx p* u*

where, in Equation (9), C; and C, are the pre-relief and post-relief damping coefficients
of the bilinear-type oil damper, and y * is the ratio of maximum velocity to relief velocity.
In the subsequent sections, the proposed hejf srss, which is obtained from C, is used to
evaluate the maximum seismic performance of a steel building by CSM.

3. Proposed CSM Procedure for Buildings Equipped with Oil Dampers

This section demonstrates the procedure of the proposed CSM using the equivalent
single degree of freedom (ESDOF) system defined by Kuramoto et al., 2000 [29]. The
ESDOF consists of a mass, m, a frame damping coefficient, Cf, and a stiffness, K. This study
assumed that the natural period of the ESDOF was 0.5 s and the base shear coefficient (i.e.,
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the ratio of yielding force to the total weight) was 0.2. The ESDOF was equipped with
the bilinear-type oil damper which had a damping coefficient, Cp, and a stiffness, Kp, as
shown in Figure 3a. The ESDOF parameters are summarized in Tables 1 and 2.
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Figure 3. (a) The equivalent oil damper configuration in the ESDOF system; (b) the initial demand curve (5% damping) and
capacity curve of the ESDOF system.

Table 1. Technical parameters of the equivalent single degree of freedom (ESDOF) system.

Natural Period Weight Damping Stiffness Yielding i
(T) (W) (ho) (K¢) Force (Fy)  p=g
s kN % kN/cm kN
0.5 5000.0 5.0 805.68 1000.0 0.05

* Ky and K; represent the pre-yield and post-yield stiffness of the ESDOF system, respectively.

Table 2. Technical parameters of the supplemental story-equivalent oil damper.

Stiffness Pre-Relief Damping Coef. Relief Velocity
(Kp) (Cy) (Vi) Cy/Cy *
kN/cm kN-s/cm cm/s
805.68 22.0 5.0 0.05

* C1 and C;, represent the damping pre-relief valve and post-relief valve operation of oil damper, respectively.

The capacity curve of the system is shown in Figure 3b. The demand curve is presented
in the form of an acceleration—displacement spectrum of the selected earthquake ground
motion. In this study, the Level-2 earthquake defined in the Building Standard Law of
Japan [3] was used to generate the design acceleration—displacement response spectrum
with a 5% damping factor. The latter was adjusted according to the value of the effective
damping using the reduction factor, Fj,, in Equation (10), adopted by the JSSI manual [17]
from the study conducted by Kasai et al. [28,30].

. I+ 2505, 10)

J1+ 250

The proposed CSM was performed as following:

The multi degree of freedom (MDOF) was converted to the ESDOF [29];
For selected ductility factor values (e.g., u =1, 2, 3 ... ), the respective effective
damping ratios (e.g., h1, hp, h3 ... ), not including the contribution of the oil damper



Appl. Sci. 2021, 11, 2687

6 of 15

devices, were computed using Equation (11) [3], and the demand spectra were adjusted
by Equation (10), and plotted together with the capacity curve of the ESDOF as shown
in Figure 4a;
2 1 1-p
heg=08=|1—~ | —-———= +0.05 11
“ 7r< V>1+P(V—1) -
e  The spectral ordinates (spectral acceleration, 54, and displacement, Sp) of the demand
spectrum at the intersection points with equivalent stiffness lines were determined
and named as initial performance points;
e  For each initial performance point, the equivalent circular frequency of the ESDOF
was estimated by Equation (12);

S
wWeq (1) = % (12)
e The corresponding story displacements (d1, J, 63 ... ) were computed from the

ESDOF. Then, the maximum story velocities of the MDOF, V,;;,, were estimated
as following;

Vmax,i(]i) = weq'éi (13)

e  Using Equations (8), (9) and (16) the effective damping of the system, hegsrss, the
equivalent damping coefficient, C,q, and the viscous damping of oil dampers, iy, were
estimated, respectively;

e  Demand spectra were updated for each ductility factor as shown in Figure 4b (dashed-
line response spectra);

e The next performance points were considered, and the same process was repeated
until convergence (the difference between successive effective damping ratios becomes
negligible), as shown in Figure 4c (dashed-dotted-line response spectra);

e The final performance points were connected and the point of intersection of the
formed curve (blue solid line in Figure 4d) with the capacity curve was defined as the
ultimate performance point of the ESDOF;

e  Maximum seismic performance of the corresponding MDOF could be deducted from
the ultimate performance point of its ESDOF.

For the ESDOF system presented in this section, the maximum displacement was
estimated as 6.15 cm. In Figure 4d, the average maximum displacements from the THA of
six selected Level-2 earthquakes (details are given in Section 4.4) are marked by a vertical
broken line. A difference of 20% was observed from the proposed CSM result.



Appl. Sci. 2021, 11, 2687

7 of 15

900

600

300

900

Acceleration (cm/sz)

600

300

Displacement (cm)

Figure 4. (a-d) steps of the proposed capacity spectrum method (CSM) applied to the ESDOF system
using the damping-adjusted design spectra of a Level-2 earthquake.

4. Application of the Proposed CSM on Steel Frame Buildings
4.1. Effective Damping Ratio of MDOF System

Where the o0il dampers were arranged in a diagonal scheme with the inclination angle,
0, for an MDOF system as illustrated in Figure 5, the Equations (4) and (5) can be used to
incorporate the oil damper distribution along the building height, as follows:

Zm%:mmxxm#m% (14)

1
W= Ewgq Y mj A]2 (15)

where C;, Aj, ¢, weq and m; are the damping coefficient of the oil damper, the story drift
of the first mode, the relative story drift, the equivalent circular frequency and the mass
of jth floor, respectively. By substituting Equations (14) and (15) into Equation (4), the
viscous damping ratio of the oil damper can be obtained as given in Equation (16) for an
MDOF system.

126 473]- cos 6]2

hy =
2 weg Lmj A

(16)

4.2. Description of Target Buildings

Steel buildings, both 4-story and 10-story, were selected from the JSSI manual [17,31].
The buildings were designed as steel moment-resisting frames to resist the gravity loads,
while oil dampers were considered to control the response under the earthquake ground
motion. The plans and elevations of the buildings are shown in Figure 6. The ground floor
height is 6 m, and the typical floor height is 4 m for both target buildings. The sizes of
columns and beams are summarized in Tables 3 and 4.
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Figure 6. Target buildings plan, elevation and oil damper configuration: (a) 4-story building; (b) 10-story building.
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Table 3. Detail and size of structural columns (mm).

Building Story Interior Column Exterior Column Corner Column
4 400 x 400 x 16 400 x 400 x 16 350 x 350 x 16

A-stor 3 450 x 450 x 19 400 x 400 x 19 350 x 350 x 16

Y 2 450 x 450 x 22 450 x 450 x 19 400 x 400 x 19

1 500 x 500 x 22 500 x 500 x 19 400 x 400 x 19

7-R 550 x 550 x 22 500 x 500 x 22 500 x 500 x 19

10-stor 5-6 600 x 600 x 28 550 x 550 x 25 550 x 550 x 22
y 34 650 x 650 x 28 600 x 600 x 25 600 x 600 x 22

2 650 x 650 x 28 600 x 600 x 28 600 x 600 x 25

Table 4. Detail and size of structural beams (mm).

Longitudinal Direction Transvers Direction

Building Story
Interior Beam Exterior Beam Short Span Long Span
4 550 x 200 x 9 x 16 550 x 250 x 12 x 22 700 x 300 x 12 x 22
d-stor 3 550 x 250 x 9 x 19 550 x 200 x 12 x 22 700 x 250 x 12 x 22
y 2 600 x 250 x 12 x 22 600 x 200 x 12 x 25 750 x 250 x 14 x 25
1 650 x 250 x 12 x 25 650 x 200 x 12 x 25 800 x 250 x 14 x 25
10-R 600 x 300 x 12 x 22 600 x 250 x 12 x 22 600 x 300 x 14 x 25 600 x 300 x 14 x 32
8- 700 x 300 x 12 x 22 700 x 250 x 12 x 22 700 x 300 x 14 x 25 700 x 300 x 16 x 32
10-stor 6~ 750 x 300 x 16 x 25 750 x 250 x 14 x 25 750 x 300 x 16 x 28 750 x 300 x 16 x 32
y 4- 750 x 300 x 16 x 28 750 x 250 x 16 x 28 750 x 350 x 16 x 28 750 x 350 x 16 x 32
3 750 x 300 x 16 x 28 750 x 300 x 16 x 28 750 x 350 x 16 x 28 750 x 350 x 16 x 32
2 800 x 300 x 16 x 32 800 x 300 x 16 x 28 800 x 300 x 16 x 32 800 x 300 x 16 x 32
The steel grade is SN490B with a yield strength of 325 MPa and a tensile strength of
490 MPa. The arrangement of oil dampers in the plan and the evaluation of the building
is shown in Figure 6. Since the oil dampers were diagonally installed in a longitudinal
direction only, the following analysis is limited to the longitudinal direction. The technical
parameters of oil dampers are presented in Tables 5 and 6.
Table 5. Technical parameters of oil dampers for 4-story building.
Height Weight Story Stiffness  Damper Stiffness Damping Relief V.
Story (H) (Wy) (Kp) (Kp) (Cy) (Vy) C,/Cy
m kN kN/mm kN/mm kN-s/mm cm/s
4 4.0 6622.0 328.2 56.50 11.75 38.6 0.02
3 4.0 6664.0 383.0 65.93 13.70 38.6 0.02
2 4.0 6680.0 383.5 66.02 13.72 38.6 0.02
1 6.0 6859.0 280.0 48.18 10.02 57.9 0.02

4.3. Frame Models of Target Buildings

The 3D frame models of the buildings were analyzed by STERA_3D software, which is
a finite element-based program developed by one of the authors [32]. In the model, the steel
beam element is presented by a line element with two nonlinear flexural springs at both
ends, as shown in Figure 7. The steel column element is presented by a line element with
nonlinear axial springs in both end sections to consider nonlinear axial-moment interaction.
The steelstrength was modified 1.1 times more than the nominal strength, and the ratio of
post-yield stiffness was y = Ky /K;, = 0.001. The slab effects required to amplify the flexural
stiffness of the steel beam were assumed to be 1.2. The floor slab was considered to be
rigid for in-plane deformation, and free for out-of-plane deformation. The beam—column
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connection was assumed to be rigid, where the rigid zone length for the beam element was

set to be half of the column width.

Table 6. Technical parameters of oil dampers for 10-story building.

. . Story Stiffness  Damper Stiffness Damping .
St Height (H Weight (W, Relief V. (V
ory eight (H) eight (W) (Kg) (Kp) () elief V. (V,) Co/Cs
m kN kN/mm kN/mm kN-s/mm cm/s
10 4.0 8579.0 158.6 27.30 5.67 38.6 0.02
9 4.0 6365.0 180.1 31.00 6.45 38.6 0.02
8 4.0 6431.0 220.3 37.92 7.88 38.6 0.02
7 4.0 6470.0 244.8 42.13 8.77 38.6 0.02
6 4.0 6539.0 291.8 50.23 10.45 38.6 0.02
5 4.0 6567.0 306.2 52.70 10.95 38.6 0.02
4 4.0 6622.0 328.2 56.50 11.75 38.6 0.02
3 4.0 6664.0 383.0 65.93 13.70 38.6 0.02
2 4.0 6680.0 383.5 66.02 13.72 38.6 0.02
1 6.0 6859.0 280.0 48.18 10.02 57.9 0.02
T M
A 0 N ) B
M
T
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Figure 7. Moment-rotation relationship at bending spring of beam and column elements.
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Elastic Element

Nonlinear Bending Spring

The bilinear-type oil damper is defined as a vertical line element with a shear spring
in the middle. The shear spring consists of the Maxwell model with an elastic spring with
stiffness, Kp, and a dashpot with a bilinear-type damping coefficient, C, connected in a
series. The force-velocity relation of the dashpot is shown in Figure 8.
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(a)
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Figure 8. (a) Element model of bilinear-type oil damper, (b) force-velocity of oil damper.

Velocity
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Table 7 summarizes the natural periods and effective masses of the buildings obtained
by the eigenvalue analysis. The capacity curves of the ESDOF of the buildings were
obtained by the nonlinear static pushover analysis as shown in Figure 9.

Table 7. Dynamic characteristics of target buildings.

Building Parameter 1st Mode 2nd Mode 3rd Mode
4 Natural period (s) 1.40 0.49 0.25
-story . o
Effective mass (%) 91.2 7.90 0.60
10-stor Natural period (s) 2.03 0.75 0.44
y Effective mass (%) 82.8 11.3 3.40
400 T T T T T T T 400 LA L L L R L |
~— | 4-Storey ] L 10-Storey 1
£ 300 -4 300 F -
=200 F 4 200k :
§ 100 |- 4 100 | .
0 . 1 " I . I " ] oYY v o
0 10 20 30 40 0 10 20 30 40 50 60 70

Displacement (cm)

@) (b)
Figure 9. Capacity curve of the ESDOF of target buildings: (a) 4-story building, (b) 10-story building.

4.4. Demand Spectrum of Earthquake Ground Motions

The six earthquake ground motions listed in Table 8 were selected as the extreme rare
earthquakes defined by the Building Standard Law of Japan [3]. The earthquakes were
generated using the algorithm developed by one of the authors [32]. Three of them (No.
1, 2, and 3) were the observed earthquake records scaled to have the maximum velocity
of 50 cm/s. Another three (No. 4, 5, and 6) were the artificially generated earthquake
ground motions that had a response spectrum compatible with the design response spec-
trum of the Level-2 design earthquake and phase spectrum of the observed earthquake
records. Figure 10 illustrates the acceleration response spectra, with a 5% damping factor,
of artificially generated earthquakes and the spectrum of the design code (thick solid line).

Table 8. List of selected earthquake ground motions.

Categories No. Event Year Station
Scaled earthquake to be 1 Imperial Valley 1940 El Centro
compatible of 50 cm/s 2 Kern County 1952 Taft
3 Kobe 1995 JMA
Artificially generated 4 Tohoku 1978 Tohoku Univ.
earthquake to be 5 Tokachi Oki 1968 Hachinohe
compatible of 1.2 6 Kobe 1995 JMA

4.5. Comparison Results between CSM and THA

The maximum responses of the target buildings under the earthquake ground motions
were estimated by the proposed CSM, and compared with the results of nonlinear THA.
Figures 11-14 show the story drifts and story shear forces obtained by the proposed
CSM and the nonlinear THA for the selected ground motions along the height of the
target buildings.
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Figure 10. Response spectra of selected ground motions and design response spectrum of Level-2
earthquake with 5% damping factor.
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Figure 11. Comparison of story drifts between proposed CSM and time history analysis (THA) for
4-story building.

For the 4-story building, the average ratio of THA to proposed CSM (for story drift
and story shear force) was 0.95 for the scaled 50 cm/s earthquakes. The ratio for the
artificially generated earthquakes compatible with Level-2 design earthquake was about
0.90. Similarly, the ratios for the proposed CSM and the THA for story drift and story shear
force, in the 10-story building, were 1.10 and 1.20 for the scaled and artificially generated
ground motions, respectively. It was also noted that, for the 4-story building, the proposed
CSM method overestimated the story shear force of the structure, although the story drift
was underestimated for the 10-story building. Furthermore, the correlation between the
performance results obtained from the proposed CSM method and THA is estimated as
given in Figure 15. The estimated correlation was about 0.9 for the selected earthquakes in
terms of story drift and story shear force for both of the steel buildings with oil dampers.
The estimated correlation indicates that the proposed CSM can be used as a practical
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procedure to estimate the maximum responses of passively controlled buildings equipped

with bilinear oil damping devices.
T T T T T T T T
El Centro 50kine Kobe 50kine Taft 50kine
4 L 4 = - -
3 L 4 = - -
2 L Jl I - -
1 L Jl I - -
Z\ L L L 1 1
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0 2500
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Figure 12. Comparison of story shear forces between proposed CSM and THA for 4-story building
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10-story steel buildings.

5. Conclusions

A CSM-based procedure to estimate the maximum seismic response of steel buildings
equipped with bilinear-type oil dampers was proposed, adopting a simple formula to
calculate the effective damping ratio as the sum of the inherent damping and the SRSS
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of both supplemental viscous and hysteresis damping ratios. The required steps for the
proposed CSM were given for the ESDOF system equipped with the equivalent oil dampers.
Moreover, the proposed CSM was used to estimate the maximum response of two steel
frame buildings of 4- and 10-stories equipped with bilinear-type oil dampers subjected
to six selected Level-2 earthquake ground motions. The comparison of the maximum
responses with the non-linear THA demonstrates the ability of the proposed CSM to
estimate the maximum responses with an accuracy of more than 80% in all studied cases.
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