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Abstract

Seismic control has become generally used in super tall steel structure buildings. A combination of hysteretic dampers
and viscous dampers is increasingly used nowadays to ensure high earthquake resistance of high-rise buildings — as
such, this is called a “combination-system”. In design of buildings, simple model such as equivalent shear spring model
is frequently used. However, there is no current research on simple model of “combination-system”, thus, this paper
proposes a method to create an equivalent shear-spring model of “combination-system” consisting of its characteristic
values, dampers and their support members, and frames.

In creating the shear spring model, the parameters are calculated by conducting static analysis of the building frame
in four states — (i) state N for frame only state, (ii) state R in which an elastic spring with extremely high rigidity is
placed in the damper’s installation position, (iii) state pN in which elastic springs are only placed in the hysteretic
damper’s installation stories, and (iv) state pR in which an elastic spring with extremely high rigidity is only placed in
the hysteretic damper’s installation position.

The parameters obtained from states pN and pR are important in evaluating seismic control effect of “combination-
system”. The obtained characteristic values from state p/N show that the upper limit of the effective deformation ratio in
the viscous damper’s installation floor decreases. The obtained characteristic values from state pR show phase
difference between the hysteretic damper load and viscous damper load.

A 30-storey high-rise building with brace-type continuous arrangement of hysteretic dampers and viscous dampers is
used to verify the proposed model. A total of 13 damper placement combinations are used in this study. This paper
shows that the proposed model reproduces the results of time-history analysis of member models. With respect to
energy absorption of damper, the proposed model is more accurate than the previous models because the former
evaluates various characteristic values and can reproduce the damper load at each step of the time-history analysis.

Keywords: seismic control, hysteretic damper, viscous damper, shear spring model, combination-system

© The 17th World Conference on Earthquake Engineering -2g-0012 -



The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 13th to 18th 2020

1. Introduction

To reduce the deformation and damage of buildings against large earthquakes and unexpected earthquakes, it
is typical to adopt seismic control structures for high-rise buildings in Japan.

In a high-rise building with a large bending deformation, the damping performance of middle to upper
dampers may be deteriorated. To improve the deterioration of damping performance, the authors propose a
“combination system,” in which hysteretic dampers (HDs) and viscous dampers (VDs) are arranged in mixed
stories [1]-[3].

When a designer examines the appropriate arrangement and quantity of dampers by time history
response analysis, if time history response is relied upon significantly, the dampers may diverge owing to
misalignment in the initial settings. This will result in a reduction effect and the loss of safety and comfort
[4]. To avoid such a situation, it is necessary to perform a rough design using a response prediction method
that can offer a comprehensive understanding of the relationship between the damper and response and to
understand the damping performance from the index obtained in the process.

Hence, a simple model is required; however, research regarding the method of creating a simple model
for the combination system has not been performed; therefore, the cumulative value, such as energy, is
unknown.

Therefore, this paper presents a method for creating a simple model for the combination system. The
simple model creation method proposed herein is an improvement of the method using the “characteristic
values” proposed by Kasai/Iwasaki [5] and Ishii/Kasai [6] such that it can be applied to the combined model.
The simple model is important because the member model is composed of a large number of members, such
as columns, beams, and dampers that is reduced to a small number of characteristic values. Furthermore, the
characteristic values reflect the damping performance and can be quantitatively evaluated on the same scale.

The definitions and expressions of terms used herein are as follows:
* The specifications of the i story are assigned the left subscript “i.
+ The specifications of the simple model (spring system) are assigned the right subscript “s. ”
* The specification of the damper part is assigned a right subscript “d.” In addition, the specifications of the
brace type arranged in the direction of the diagonal axis indicate the converted value in the horizontal
direction.

2. Extraction of problems using existing methods
2.1 Overview of existing methods [5] [6]

As shown in Fig. 1, the previous model is composed of a pseudo-frame, pseudo-brace, and pseudo-damper.
The pseudo-brace and pseudo-damper are connected in series. The setting procedure for each item is
described in Fig. 2. Fig.2(a) shows a model diagram of the combination system; Figs. 2(b) and 2(c) show
conceptual diagrams of the state N analysis and R analysis of the previous method, and Figs. 2(d) and 2(e)
show the conceptual diagram of the state p/N analysis and pR analysis of the proposed method (Section 4,

described later).
iF, 0 iF, i6
Beam — Pseudo-frame ;K — >
Fa W
Column iFas, iOas b, iObs
<“—r <“—>
Damper

Pseudo-damper  Pseudo-brace
inx, ,»Cds iKbx

(a) Member model  (b) Shear spring model
Fig.1 Correspondence between member model and shear spring model
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The pseudo-frame stiffness ;Kx and the characteristic value ;ay were calculated by conducting a static
analysis of the building frame with the frame only (state NV: no damper). The pseudo-brace stiffness K, was
calculated by conducting a static analysis of the building frame in which an elastic spring of extremely high
rigidity was placed in the damper’s installation position (state R: rigid damper). Each parameter was
calculated by Eq. (1). Herein, the load in the static analysis is based on the Ai distribution, following [6].

i0N = iOuN 1iON, iKbs=ian iKar, iKar = il ar /iOr (1a,b,c)
where Kz is the frame rigidity of the damper installation location; ;J; is the horizontal component of damper
deformation; ;0 is the story drift of the frame; ;F; is the horizontal component of the axial force borne by the
elastic spring at the damper installation location; the lower right subscripts N and R indicate the calculated
values of states NV and R, respectively.
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Fig.2 (a)Member model and the state (b)N, (c)R, (d)pN and (e)pR

Using these characteristic values, the specifications of the pseudo-frame, pseudo-brace, and pseudo-
additional system are set as follows. The correspondence between the simple and member models is as

follows.
@ Frame :
* Pseudo-frame rigidity iKi = iKn (2)
« Correspondence iFs= iF , i0s= i0 (3a,b)
@ The hysteretic damper’s installation stories :
* Characteristic value iav, Pseudo-brace stiffness iKbs =i niKdr 4)
» Specifications iKais = (ian)*iKai , iKazs = (ion)*iKaz2 , iFays = io iFay (5a,b,c)
Where ;Fy, is yield shear force of hysteretic damper.
+ Correspondence iFas=ianiFd , i0ds=i0d/ian (6a,b)
@ The viscous damper’s installation stories :
* Characteristic value ian, Pseudo-brace stiffness iKss =i N iKar (7)
» Specifications iCas = (iaw)*iCa , iKas = (iow)*iKa (8a,b)
» Correspondence iFas= ianiF'd , i0ds=i0d /iani (9a,b)
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aw indicates the upper limit of the ratio of the horizontal component of the damper deformation to the
story drift (hereinafter referred to as effective deformation ratio) [10], and K», of the simple model indicates
the frame rigidity of the damper’s installation position [11]. Fig. 3 shows the hysteresis curve of the pseudo-
damper when a sinusoidal deformation is applied to an element in which a pseudo-brace and a pseudo-
damper are connected in series. In Fig. 3(a), as the ay decreases, the load loss of the VD decreases, and the
height of the hysteresis curve decreases. In addition, as the pseudo-brace stiffness increases, the deformation
loss of the VD decreases and the width of the hysteresis curve increases. In Fig. 3(b), the HD shows a similar
trend.

Fa

N\
= = Lo, 2.5K5,]

(a) VD (b) HD
Fig.3 Hysteresis curve of damper

2.2 Outline of the building for examination, outline of input ground motion, and response analysis
results

A 30-story high-rise building (Fig. 4) was used to verify the proposed model [3]. Analysis was performed
only in the X-direction. The natural period Tx of the frame was 4.46 s. The frame remained elastic. The
structural damping is a stiffness proportional type with 2% of Tx of the frame.
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Fig.4 Outline of the 30th floor building models

The dampers were arranged continuously at Y2 and Y3. Recently, various damper arrangements have
been proposed to increase damper efficiency. Therefore, we will consider many cases. The model with HDs
on all floors is HD30. The model with VDs on all floors is VD30. Five models with HDs in the lower and
VDs in the upper were used. Models with 25, 20, 15, 10, and 5 boundary stories were named HD25, HD20,
HDI15, HD10, and HDOS, respectively. Five models with VDs in the lower and HDs in the upper were used.
The models with 25, 20, 15, 10, and 5 boundary stories were named VD25, VD20, VD15, VD10, and VD05,
respectively. A model in which HDs and VDs were arranged alternately every three stories was named AD.
The amount of dumping for each model is shown in [3].

The input earthquake motions for the study comprised five waves, three simulated seismic waves with
a velocity response spectrum of 0.8 m/s (4 =5%), and two observed waves normalized to a maximum
velocity of 0.5 m/s. The phase characteristics of the simulated-seismic-waves were HACHINOHE 1968 EW
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(ART HACHI), JMA KOBE 1995 NS (ART KOBE), and TOMAKOMALI 2003 NS (ART TOMA). The
observed waves were EL CENTRO 1940 NS (EL CENTRO) and JMA KOBE 1995 NS (JMA KOBE). Fig.
5 shows the pseudo-velocity response spectrum ,Sy (2 =15%).

Fig. 6 shows the maximum story drift angle (;R) by HD15 ART HACHI, the maximum shear force
(:0), and the energy absorption by the damper (;w,). Focusing on the maximum story drift angle and the
maximum shear force, the previous model almost reproduced the member model, and the energy absorption
by the damper of the previous model did not reproduce the response of member model in the boundary story.

Only the response results of the ART HACHI of HDI15 are presented in the following owing to space
limitations.
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(a) Story drift angle (b) Story shear (c) Energy absorption
by damper

Fig.6 Comparison of response (HD15, ART HACHI)
2.3 Cause analysis of the problem

In this section, the problems shown in the previous section are analyzed using damper history curves. Fig. 7
shows the hysteresis curves of the dampers installed on the 16th and 15th stories of HD15, which indicate a
large difference in energy absorption between the previous and member models. The time axis is the portion
where the amount of energy absorbed per unit time is large.
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Fig.7 Hysteresis curve of damper (HD15, ART HACHI)

First, the 16th story with VDs are shown below (Fig.7 (a)). Focusing on the maximum damper load,
the previous model could not reproduce the member model. This was because ay was overestimated, as
shown in Section 2.2. Regarding the maximum damper deformation, the previous model could not reproduce
the member model, and K was underestimated. From Eq. (7), K»s (=ow Kar) decreases as ay decreases, and
a 1s assumed as not properly evaluated.

Next, thel5th story with HDs are shown (Fig. 7 (b)). Focusing on the maximum damper load, the
previous model could reproduce the member model. This was regarded as an appropriate evaluation of a.
Meanwhile, focusing on the maximum damper deformation, the previous model could not reproduce the
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member model because the previous model exhibited a large deformation loss. This was because K;; was
underestimated, as shown in Section 2.2.

The ay of stories with VDs that was not evaluated appropriately is shown below. As described above,
because ay is the upper limit of the effective deformation ratio, we confirmed whether the upper limit of the
effective deformation ratio of the stories with VDs matches ay. Fig. 8 shows the distribution of the effective
deformation ratio o, of HD15 with only HDs partially arranged. Additionally, Fig. 8 shows the apparent
effective deformation ratio of the frame. The apparent damper deformation of the nondamper stories was
calculated using the damper deformation of the elastic spring with the stiffness set to zero. From Fig. 8, it
can be confirmed that the effective deformation ratio of the nondamper stories (16—30th story) in the model
with partially arranged HDs is smaller than that of the frame. Therefore, it is necessary to improve the ay of
the VD installation stories of the combination system.

Non-
damper

HD

0 05 I
Fig.8 Effective deformation ratio (ART HACHI)

Next, the Kps of stories with HDs is shown. As described above, Kj; is the frame rigidity of the part
where the damper is installed; therefore, the properties of bending deformation of the frame are shown below.
Fig. 9 shows the time history of the story drift ;0, damper deformation ;d;, bending deformation ;5 (=;5:),
and damper load ;F; of HD30 and HD15. Representatively, the 15th story with HDs and 16th story with VDs
are shown. ;9, ;0s, and ;9 are normalized by the maximum story drift ;0 (max) of each story, and Fy is
normalized by the maximum value ;F; (max).
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Fig.9 Time history (HD15, ART HACHI)

As shown in Fig. 9 (a), in the HD30 with HDs installed in all stories, the damper load of the 15th and
16th stories is maximized when the damper deformation is maximum. Furthermore, the bending deformation
is almost in phase with the damper load. As the frame is deformed, the damper bears the shear force, and the
reaction force induces the axial force of the column. Moreover, the ratio of the total bending deformation to
the story drift increases [12]. Focusing on HD15 shown in Fig.9 (b), the HD load is the maximum when the
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damper deformation is the maximum. However, for the case where the VD is dependent on velocity, the
damper load is almost zero when the damper deformation is the maximum. Furthermore, the HD15 bending
deformation of the 15th story is almost in phase with that of HD30, but the bending deformation amplitude
of HD15 is smaller than that of HD30. This can be confirmed from the distribution of the ration of the
maximum bending deformation to the maximum story drift (bending deformation ratio), shown in Fig.10.
The phase of HD and VD loads are different, and the bending deformation ratio of the 10—15th story of
HDI15 is smaller than that of HD30. Therefore, it is necessary to improve the Kj, of the HD installation
location of the combination system.

VD

HD

0 0.5 1

Fig.10 Bending deformation ratio (ART HACHI)

3. Proposal of improvement method for problem

To create a simple model that can be used for the combination system, this paper proposes a method for
correcting the parameters obtained from state V and R analyses. This method is illusrated in Fig. 2. In addition
to the existing methods of state N (Fig. 2 (b)) and state R analyses (Fig. 2 (¢)), a static analysis of two cases
shown in Figs. 2 (d) and 2 (e) (State pN and pR analysis, respectively) was additionally conducted,
characteristic values were calculated, and the existing characteristic values were corrected using these
characteristic values. An outline of states pN and pR is as follows.

First, to improve “problem (D” (When the HD is partially arranged in the height direction, the
effective deformation ratio of the nondamper stories is reduced compared with the frame), the ;on of the
VD’s installation stories was corrected using the characteristic values obtained from state pN. State pN (Fig.2
(d), partial no-damper) is a model in which in which elastic springs are placed only in the HD’s installation
stories. The characteristic value ;o,v of the i-story VD installation was calculated using Eq. (10). The
stiffness of the elastic spring is the initial stiffness of the HD. The load in the static analysis is based on the
Ai distribution.

i0pN (Kd)=iOapNl i OpN (10)

where the lower right subscripts pN indicate the calculated values of states pN; (K4) indicates that the value
varies depending on the initial stiffness K of the HD; ;a,n depends on the amount of HD and the number of
damper installation stories (shown in section 4.1)

Next, to improve “the problem @7 (Because the phase of HD and VD loads are different, the
frame rigidity of the HDs in the combination system increases compared with the model with HDs on all
stories); the ;K of the HD’s installation position was corrected using the characteristic values obtained from
state pR. State pR (Fig. 2 (d), partially rigid damper) is a model in which an elastic spring with extremely
high rigidity is placed only on the HD’s installation position. The frame rigidity K4,z of the HD’s installation
position was calculated by Eq. (11). The load in the static analysis is based on the Ai distribution.

iKapr=iF apr/iOpR (11)
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where the lower right subscripts pR indicate the calculated values of states pR; K4z does not depend on the
amount of damper but on the number of VD stories.

Fig. 11 shows the procedure for the conversion from a member model to an equivalent shear spring
model. The parameters were calculated by conducting a static analysis of the building frame in four states
(states N, R, pN, and pR), and each specification was set as follows using the characteristic values.

Member Equivalent shear
( model ] (Procedure] ( spring model ]

Ky —p| Pseudo-frame: Ky
[27%

' VD:
Kar *Pseudo-brace
Ay > - Pse_udo-giamper
specifications

A 4

Kb.c:(XpNKdR

HD:
P -Pseudo-brace
Kir —»  Kp=arKapr -
OO vD *Pseudo-damper
] HD specifications

Fig.11 Procedure for the conversion from member model to equivalent shear spring model

®Frame :

+ Pseudo-frame rigidity iKs = iKn (12)
« Correspondence iFs=iF , i0s=i0 (13a,b)
@ The hysteretic damper’s installation stories :

* Characteristic value ian , Pseudo-frame rigidity iKss = ian iKdpr (14)
» Specifications iKais = (jan)?iKa1 , iKas = (ian)*iKaz , iFays=ian iFay (15a,b,c)
+ Correspondence il'as=ianiF'a , idds=i0d/ion (16a,b)

# The viscous damper’s installation stories :

* Characteristic value iapn , Pseudo-frame rigidity iKps = iopn iKar (17)
+ Specifications iCas = (iapn)%iCa , iKds = (iopn)*iKa (18a,b)
+ Correspondence iFas=iapNiFd , i0ds=iOd /iQpni (19a,b)

4. Application of the proposed method and verification of accuracy
4.1 Properties of iapn and iKps

Fig. 12 shows the distributions of ;v and ;Kps for 13 models with different damper arrangements. K5 was
normalized by ;Ks. An elastic spring corresponding to the initial stiffness of 1oy =0.025 was used in the
calculation of ;o,n. Because the ;o of the HD’s installation stories is not corrected, it indicates ;ay From Fig.
12 (a), it can be confirmed that the ;v of the VD’s installation stories in the combination system shows a
smaller value than that of HD30. That is, it can be confirmed that state p/N can reduce the upper limit of the
effective deformation ratio of the VD’s installation stories. Moreover, it can be confirmed that the ;v of the
VD’s installation stories of the combination system decreases, as the number of HD’s installation stories
increases. Furthermore, it has been confirmed that ;o,y decreases with the amount of HD.
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From Fig. 12 (b), it can be confirmed that the iKbs of the HD’s installation stories of the combination
system increases compared with that of HD30. In particular, iKbs protrudes in the boundary stories. State pR
can increase the frame rigidity of HD’s installation position.

4.2 Accuracy verification by time history analysis

This section shows the verification results of whether the proposed model can reproduce the results of time-
history analysis of the member models. Figs. 13 and 14 show the maximum story drift angle (;R) and energy
absorption by the damper (;wy) on each story in the ART HACHI wave. The responses of states N, R, pN,
and pR are shown as well. Focusing on the maximum story drift angle, no significant difference is observed
between the proposed and previous models in all 13 types. Focusing on the energy absorption by the damper,
the previous model cannot reproduce the member model near the boundary layer in all 13 types. Meanwhile,
the energy absorption by damper (w;) of the proposed model accurately reproduces the member model.
Furthermore, as shown by the hysteresis curve in Fig. 15, it can be confirmed that the proposed model is
more reproducible than the previous model.
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Fig.12 Comparison of distribution of o,y and Kp,
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Fig.13 Comparison of story drift angle (ART HACHI)
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Fig.14 Comparison of energy absorption by damper (ART HACHI)

Next, Figs. 16 and 17 show the comparison of the responses of the member and simple models in the
case of the IMA KOBE wave. HD15, VD15, and AD are shown as representative responses. Focusing on the
story drift angle (iR), both models are affected by higher modes; therefore, the simple model is larger than
the member model in the upper layer, and the proposed and previous models cannot reproduce the member
model. Focusing on the energy absorption by the damper (;wy), the proposed model roughly reproduces the
distribution shape of the member model, but the accuracy is inferior compared to that of the ART HACHI
wave.

Furthermore, it has been confirmed that the proposed model is highly useful for the yield shear
coefficient 1oz = 0.005, 0.015, and 0.035 of the HD.
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_ 450 N \“\ ————— Previous
7 //_ Z ) ]
vy | v
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300 -

. -800 L
(a) 16th Floor (VD) (b) 15 th Floor (HD)
Fig.15 Hysteresis curve of damper (HD15, ART HACHI)
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Fig.16 Comparison of story drift angle Fig.17 Comparison of energy absorption
(JMA KOBE) by damper (JMA KOBE)

5. Conclusion

This paper presents a simple modelling method of the continuous arrangement of HDs and VDs in buildings.
Accuracy was verified based on a 30-story super-high-rise steel structure building with HDs and VDs
installed in a brace shape. The findings obtained are shown below.

1)  Previous methods did not consider two problems. “Problem (D: The upper limit of the effective
deformation ratio (maximum value of damper deformation/maximum value of story drift) of the VD’s
installation stories decreased. “Problem 2)”: Because a phase difference occurred between the HD and VD
loads, the bending deformation of the combination system was relaxed.

2)  To improve the problems shown in 1), we proposed adding state pN and pR analyses to the previous
method. State pN improved “problem (1,” whereas state pR improved “problem 2).”

3) The proposed model reproduced the results of time-history analysis of member models accurately for
various damper arrangements, damper amounts, and seismic waves.

The proposed model was applied to the case where the VD load was small when the damper deformation
was the maximum. Therefore, in future studies, verification must be performed for the case where the VD
load is large when the damper deformation is the maximum.
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