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Abstract

The improvement of the seismic performance of high-rise buildings has become necessary since the 2011 Tohoku
Earthquake off the Pacific coast. Response control structures are used extensively to mitigate damage to structural
building frames under strong ground motion. A damping force is induced by the deformations acting on the response
control devices, and thus, response control structures are affected by both the bending deformation of the entire frame
and the frame deformation resulting from the force of the dampers. In the design of high-rise buildings, owing to these
deformations, appropriate evaluation of the deformation affecting the response control devices (defined as effective
damper deformation) is necessary. In this study, a new structural system with a damper deformation amplification
mechanism is proposed to improve the response control performance. In this structural system, the bending deformation
of the entire frame, which is usually a factor that reduces the effective damper deformation, increases the effective
damper deformation.

The proposed structural system with the effective damper deformation amplification mechanism is illustrated in Figure
1(a). The deformation state of the proposed system within the entire frame is presented in Figure 1(b). The proposed
system with wall-type dampers uses forms installed with a beam including two pin joints, and has two characterized
deformation amplification effects. Firstly, in the case of a small damper, the direction of the damper deformation caused
by the axial deformation of the columns is in the same direction as that of the damper deformation caused by the shear
deformation of the main frame. This is a result of the axial force of the column attached to the damper changing from
compression to tension, owing to the separation of the main frame. Secondly, the dampers are deformed by the rotation
of the beams between two pins geometrically for disposing pins on the inside of the beam. The amplification ratio
owing to the geometric deformation is related to the pin position. The deformation state of the proposed system is
clarified by the effective damper deformation being separated into components for the shear, bending, and partial
deformations of the main frame.
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Figure 1 Diagram of the proposed system
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1. Introduction

This research proposes a new damping system that can achieve larger damper deformation than a story drift
for viscous wall dampers, and evaluates its performance. In the response control structure, the effective
damper deformation acting on the damper may be lower than the story drift owing to the deformation of the
damper mounting member and surrounding frame, as well as the bending deformation of the entire frame [1]
and [2]. During the design of a response control structure, it is important to consider the selection and
arrangement of the damper types, so that the effective damper deformation can be sufficiently secured. As
represented by the “toggle damping device™ [3], an effective damping system has been devised that increases
the effective damper deformation of the damper against the story drift [4] and [5]. This is the mechanism that
is expected for the amplification effect by geometric deformation. The system proposed in this study differs
from the existing technology in that the axial expansion and contraction of the column, which can only
reduce the effective damper deformations in the conventional frame, are transformed into an increase in the
effective damper deformation.

In this research, the proposed system is applied to a 30-story steel building with viscous wall dampers
arranged in multi-story layers, the effective damper deformation components are analyzed, and the
deformation state is clarified. In particular, verification is performed by steady-state analysis of the first-
order mode and time history response analysis, and the results of the performance evaluation using the
equivalent period and damping of the first-order mode are presented. The steady-state analysis of the first-
order mode in a response control structure with viscous wall dampers is used as a stress analysis method that
is equivalent to static analysis in a response control structure of a displacement-dependent damper.

2. Displacement amplification mechanism applied to viscous wall dampers

As illustrated in the conceptual diagram of Fig. 1, the deformation amplification mechanism applied to the
viscous wall dampers proposed in this study uses a pin joint in the middle of the beam, installed on the
viscous wall dampers. To explain the concept of deformation amplification, the pin position is set equidistant
from the left and right column ends, and horizontal deformation is applied to a one-story, one-span partial
frame with rigid columns and beams. Under these assumed conditions, the effective damper deformation of
the viscous wall dampers can be expressed by equation (1a), and the ratio j: to the story drift can be
expressed by equation (1b) according to the geometric relationship. The relationship between the
amplification factor » and pin position I/L according to equation (1b) is illustrated in Fig. 1(b). In this case,
y increases as I/L increases; that is, as the pin position approaches the beam center.
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(a) Conceptual diagram of deformation (b) Pin position and amplification factor

Fig. 1 Deformation amplification for horizontal deformation

A mechanism for increasing and decreasing the effective damper deformation when a vertical
displacement difference occurs between the left and right columns is described. As indicated in Fig. 2, when
the column and beam are rigid, the relationship between the difference between the vertical displacement of
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the nodes of the left and right columns, and the effective damper deformation can be expressed by equation
(2a). The ratio » between the effective damper deformation and vertical deformation is expressed by
equation (2b). The effective damper deformation increases when the node on the right moves relatively
upwards (Fig. 2(a)), and decreases when it moves downwards (Fig. 2(b)). The relationship between the
change rate » and pin position I/L according to equation (2b) is illustrated in Fig. 2(c). As with 1, »
increases as the pin position approaches the beam center, which means that, if the effective damper
deformation decreases, the decreasing amount also increases.
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Fig. 2 Deformation amplification for vertical deformation

3. Modeling of frame and component separation of effective damper deformation

An outline of the response control structure with viscous wall dampers and a frame model is shown in Fig. 3.
This study deals with viscous wall dampers composed of a steel plate and viscous materials. Assuming that
the deformation at the center of the upper and lower floors acts uniformly, the rigid region is extended from
the central part of the steel plate installed on the beam to half of the floor height. Furthermore, the model
connects the ends of the rigid areas in the floor center with dashpots. The beam on which the steel plate is
installed is provided with a rigid zone approximately the width of the steel plate. The stiffness of the frame,
including the beam—column joint panel, is expressed by setting an equivalent rigid region at the ends of the
columns and beams. The axial deformation of the beam is neglected based on the assumption of a rigid floor.
The out-of-plane deformation of the viscous wall dampers is not evaluated in this study.

=

: i~ Steel plate > Rigid body
: E h T
Steel plate ~_ : | Shear plane LC
_ ! : I2 Dashpot
INommmmmmmee v
Viscous wall damper < L >
(a) Damper installation diagram (b) Frame model

Fig. 3 Response control structure considered in this study

Next, a method for separating the components of the effective damper deformation using the
abovementioned model is described. In this study, the effective damper deformation is defined as the
deformation of the dashpot connected to the end of the rigid area at the floor center. In Fig. 4, the component
separation of the effective damper deformation is schematically presented. In the figure, & indicates the story
drift, with subscripts indicating each component of the effective damper deformation, and & indicates the
rotation angle. The subscripts are s: shear component, b: entire bending component, g: beam deformation
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component, and & total rotation of the node, where 1 is the value at the upper part of the viscous wall
dampers and 2 is the value at the lower part. As illustrated in Fig. 4, the effective damper deformation of the
viscous wall dampers can be expressed by the following equation:

8,=0,+5, 3)

Equation (3) can be rewritten as the following formula, which defines the difference between the story drift
and shear deformation as the bending deformation of the entire frame.

5,=68-5,+6, )

As indicated in the above equation, the effective damper deformation is divided into three terms: the story
drift, bending deformation of the entire frame, and beam deformation. In this case, & is obtained by equation
(5a) using the rigid rotation angle &, owing to the bending deformation of the entire frame, while 6, and 6.
can be calculated by the following equation, using the vertical displacements vi1, Va2, V21, and vz, of the beam
end nodes, along with the span length L.

h

V., —V V,, =V
5b:§'(0b1+0b2)' Gy = H—2 a2

0., =&
b2 L

Further, & can be obtained by the following equation, using the rotation angles & and & of the node
connected to the viscous wall dampers.

(53, b, )

h
<g=@—@,@=E(Q+@) (6a, b)

Fig. 4 Decomposition of effective damper deformation

4. Overview of model
4.1 Building model

The building model used in this study is a 30-story steel structure, assuming it to be a high-rise building in
which the bending deformation of the entire frame is likely to be dominant. The building has a height of
121.5 m. As indicated in the frame diagram of Fig. 5, the floor height is 5.5 m on the first floor, and 4 m on
the second floor and higher. The plane is a 32 m x 38.4 m rectangle composed of six spans in the X-direction
and three spans in the Y-direction. The column and beam members are determined based on the allowable
stress design for the seismic force with the standard story shear force coefficient Co = 0.2 (Table 1). The
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analysis is performed with a frame model assuming a rigid floor, and targets in the X-direction. To evaluate
the rigidity of the frame, including the beam—column joint panel, an equivalent rigid region is set at the ends
of the columns and beams. Time history response analysis is performed using the direct integration method
with average acceleration.

4.2 Overview of viscous wall dampers

In the model of the viscous wall dampers, only the nonlinear viscous dashpot is installed, and the
deformation of the steel plate is ignored. The beam on which the steel plate is installed is considered as rigid.
The viscous wall damper force Fq is expressed by equations (7a, b), and it is proportional to the exponential
power of the dashpot speed, where D is the shear gap (= 0.004 m) of the viscous wall dampers.

F,=C,-5,,]5,]/D<1 (7a)

F,=C,,-6,°%,1<|6,|/D (7b)

The additional viscous damping amount Cg; of the i-th layer is determined by the following equation, using
the additional viscous damping constant hq as a parameter. The distribution of Cq; is a six-step distribution for
every five layers.

_2h,
Wy

Cdi K fi (8)

where Cg; is adopted as the primary viscosity coefficient, ax is the primary natural frequency of the main
frame, and Kjy is the horizontal stiffness of the main frame in the i-th layer.

4.3 Outline of response control model using deformation amplification mechanism

The proposed deformation amplification mechanism is applied to a 30-story steel structure building, as
described in section 4.1, and pins are provided at two locations on the beam other than the foundation beam
at the damper installation position (DA model: deformation amplification model). The pin position | is 1600
mm, the ratio I/L to the span length is 1/4, and the amplification factor owing to horizontal deformation is 2.
As illustrated in Fig. 6, the number of dampers per layer is four (notation: 4-unit) or eight (notation: 8-unit).
In the proposed model, the beam between the two pins is made rigid in consideration of the effects of
installing the viscous wall dampers. A response control model of a conventional frame with dampers
arranged in the same positions (CF model: conventional frame model) is used for comparison.

The layer stiffness of the DA model is illustrated in Fig. 7. Compared to the CF model, the layer stiffness of
the DA model is reduced by an average of 30% for the 4-unit model and 59% for the 8-unit model. The
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primary natural period Ty of the main frame is 4.99 s for the 4-unit model and 6.39 s for the 8-unit model,
compared to 4.28 s for the CF model. The viscosity coefficient of the viscous wall dampers in the DA model
is determined by equation (8), using the main frame stiffness and primary natural frequency after applying
the deformation amplification mechanism.

5. Evaluation of deformation state in steady state of primary mode

Using the decomposition of the effective damper deformation, as described in Section 3, the amplification
effect of the effective damper deformation in the DA model is verified. The effective damper deformation
components and a conceptual diagram of the deformation state of the main frame for each hy of the CF and

DA models are illustrated in Fig. 8. The solid line is the sum of &, &, and &i. The effective damper
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Fig. 8 Effective damper deformation components and conceptual diagram of frame deformation
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deformation components in Fig. 8 provide a sine wave of the primary natural period Tr of the main frame
only, and the result when a maximum story drift angle occurs in the steady state is illustrated. The amplitude
of the sine wave is adjusted in each analysis case so that the maximum story drift angle is 1/200. In the
following, we focus on the results of 13 layers as representative layers.

The effective damper deformation components at hq = 0.0 in the CF model are increased by the beam
deformation and decreased by the bending deformation of the entire frame, and the total value increases by
14% compared to the story deformation. However, the effective damper deformation components of the DA
model are increased significantly by the beam deformation and bending deformation of the entire frame, and
the total value is 200% higher than the story deformation. As indicated in the frame deformation diagram at
hqs = 0.0, the DA model makes it easier for the beam to be deformed than in the DF model, owing to the pin
in the middle of the beam. Moreover, the member axis of the beam rotates in reverse compared to the CF
model as a result of the bending deformation of the entire frame. Therefore, the main frame is deformed in

the direction in which the effective damper deformation increases. Thus, in the DA model, a frame that can
receive large effective damper deformation is formed.

In both the DA and CF models, when hq is large, the beam deformation components and bending
deformation of the entire frame component are reduced. As a result, the effective damper deformation
decreases when hyg = 0.10 or more. This factor is evident from the frame deformation when hy is large in Fig.
8(b). This is because the reverse bending of the beam, and axial expansion and contraction of the column
owing to the damping force of the viscous wall dampers, work in the same direction to reduce the effective
damper deformation, as in the CF model. In the proposed system, with a large hq, the decrease in the
effective damper deformation is remarkable, because a large damping force is generated even with a smaller
hqa owing to the effect of amplifying the effective damper deformation.

The effective damper deformation components of the 8-unit model in the CF and DA models are
illustrated in Fig. 9. Compared to the effective damper deformation components of the 4-unit DA model in
Fig. 8(b), the bending deformation of the entire frame component of the 8-unit DA model is larger. This is
because the pins provided at Y1 to Y4 separate the main frame into multi-story rigid frames, with one span
on the left and right and two spans at the center, making it easy for the columns to expand and contract. By
dispersing the dampers across eight units, the axial expansion and contraction of the columns owing to the
damping force of the viscous wall dampers is reduced. This is the same as the case in the CF model.

ha=0.05 ha=0.15
FL

FL

| 5ei (M) i N =W
I I 0.;)4 0.;)6 -O.IOZ 0 0.02 0.04 0.06 -0.I02 (I) 0.I02 0.;)4 O.IOG
(a) CF model 8-unit (b) DA model 8-unit
B 5, (story drift angle) d,; (beam deformation) 6,; (bending deformation of entire frame) — & (total)

Fig. 9 Effective damper deformation components in 8-unit model

6. Performance evaluation of building using proposed system
6.1 Ground motion

In this study, three artificial ground motions are used. The pseudo-velocity response spectrum Spy = 0.8 m/s
(h = 5%) is set as the target response spectrum. The phase characteristics are the EW component of
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Hachinohe (1968 Tokachi-oki earthquake), NS component of JMA-KOBE (the 1995 Southern Hyogo
Prefecture Earthquake), and NS component of EI Centro (1940 Imperial Valley earthquake), which are
hereafter referred to as Hachinohe, Kobe, and El Centro, respectively. The acceleration time history
waveform of the ground motion and pseudo-velocity response spectrum, together with the target response
spectrum are illustrated in Fig. 10.

6.2 Performance evaluation by time history response analysis

A comparison of the maximum story drift angle R, response acceleration A, story shear force Q, and effective
damper deformation ratio ae between the CF and DA models when hy = 0.05 to 0.30 is illustrated in Fig. 11.
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Fig. 10 Acceleration waveform and pseudo-velocity response spectrum of ground motion
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Fig. 11 Comparison of time history response analysis results between DA and CF models
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The ground motion is Hachinohe, and the response of the CF model without dampers is indicated by a solid
line for comparison. In Fig. 11, comparing the response of the DA model with that of the CF model
demonstrates that the story drift angle is reduced more than or equal to the same arrangement in the CF
model, while the story shear force is significantly reduced. The decrease in the story shear force is owing to
the effect of the longer period and increasing equivalent damping, as described in detail in the following
section. The story drift angle and story shear force of the DA model tend to reach an extreme value when hg
is smaller than that of the CF model, as demonstrated in the examination of the first-order mode in the steady
state in Section 5.

6.3 Performance evaluation by equivalent damping heq and equivalent period Teq

In the DA model, the input level on the response spectrum fluctuates because the period becomes longer
owing to the decrease in the stiffness of the main frame. In this section, the response reduction effect is
verified based on the equivalent damping heq and equivalent period Teg.

6.3.1 Calculation of heq and Teq

The calculation method for heq and Teq is presented below, but the detailed explanation is omitted. A series of
details of the calculation method can be found in [7]. Firstly, according to the methods described in [8] and
[9], the frame characteristic values and pseudo-brace stiffness are calculated, and a shear spring model that is
capable of evaluating the damper deformation appropriately is created. Next, the equivalent damping hegsi Of
each layer is evaluated based on the equivalent linearization method of a system with a nonlinear viscous
damper, as described in [10] and [11]. Finally, the equivalent damping hegsi OF each layer is weighted by the
elastic strain energy Wesi, and the overall equivalent damping hegs is evaluated by the following equation.

N N
heqs = Z heqsi 'Wesi zWesi (9)

i=1 i=1

The natural period Tegs Of the equivalent one-mass system, considering the equivalent stiffness of the damper,
can be obtained by the following formula [12]:

N i B.
Top =27 Z(mi_ K—J] (10)
j=1

i=1 easj

where m; is the mass of each layer, Bsi is the ratio of the shear force of each layer Qs to the base layer shear
force Qss, and Kegsi is the equivalent stiffness of each layer.

6.3.2 Calculation results of heq and Teq

The values of hg and Tegs When hegs iS maximized are displayed in Table 2. The response changes on the
response spectrum of the artificial wave owing to the fluctuations in the hegs and the Teqs at hqg in Table 2 are
illustrated in Fig. 12. In this case, Ts is the natural period of only the main frame of the CF model, while Tt is
the natural period of only the main frame of the DA model. The response spectrum of the artificial wave
indicated in Fig. 10 is obtained by the velocity response spectrum in section 6.1 by determining the damping
effect coefficient Dy [13] and converting it into a pseudo-acceleration response and pseudo-displacement
response. The broken arrow of B in the figure indicates the change in the spectrum value owing to the
fluctuation of the equivalent period. The broken arrow of C indicates the change in the spectrum value owing
to an increase in the equivalent damping. Furthermore, the broken arrow of A indicates the change in the
spectrum value owing to a periodic change resulting from the pin attached to the frame in the DA model.

As indicated in the figure, in the CF model, the displacement is reduced and the acceleration is
increased by shortening the period (effect B), while the displacement and acceleration are reduced by the
increased damping (effect C). However, in the DA model, the period becomes longer owing to the decrease
in the frame stiffness, and effect A of the acceleration reduction and displacement increase is added. As a
result, the acceleration reduction effect is larger than that in the CF model, and the displacement tends to
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increase, exhibiting characteristics similar to the seismic isolation structure. However, unlike the seismic
isolation structure, the displacement is not concentrated on a specific layer, but is distributed to each layer,
and it is necessary to set the parameters of the main frame and damper of each layer appropriately. In the DA
model of Fig. 12, it can be observed that both the acceleration and displacement are reduced substantially
owing to the strong damping effect.

h =0.02
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Fig. 12 Response changes on response spectrum
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7. Conclusions

A new system that can achieve large effective damper deformation has been proposed by providing a pin
joint in the middle of the beam on which the viscous wall dampers are installed. Moreover, its effectiveness
was examined using a 30-story steel building model. Although the study is limited in its scope, the results
obtained are summarized below.

1) The effective damper deformation was represented by three components, and the difference between the
deformation state of the conventional system and proposed system was discussed. In the proposed
system, when the damper amount was small, both the rotational deformation of the beam and overall
bending deformation of the entire frame component contributed significantly to the increase in the
effective damper deformation.

2) The effect of reducing the response of the proposed system using the equivalent damping and period
was considered. It was clarified that the damping was added after the period increased owing to the
decrease in the frame stiffness, and the story shear force was significantly reduced.
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