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INFLUENCE OF HYSTERETIC DAMPERS ON THE
SEISMIC RESPONSE OF HIGH-RISE BUILDINGS

1. Introduction

Since the concept of performance based design to the
structure has been proposed by J.J.Connor and A.Wada
(1992), a lot of experimental and theoretical research
works about the study of Damage Tolerant Structures
(Noted as DTS here) under the action of earthquake, have
been done by the writers and some other authors, such as
M.Iwata, H.Kawai and A.Watanabe. The basic assump-
tions of DTS are, (1) the main structure made of high
strength steel supports the vertical loads (including dead
loads and live loads) and remains elastic always, (2) the
input energy of earthquake should be dissipated by the
shear-resistant members like braces that act as hysteretic
dampers (Noted as HD in this paper here after), (3) the
buildings, therefore, could be able to work continuously
after the earthquake finished as long as the damaged braces
are replaced by the new ones.

A building structure (Fig. 1 (a) ) could be separated into
main structure { Fig. 1 (b) ) and brace system ( Fig. 1 (¢) )
independently. According to the design technique of en-
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Fig. 1 Concept of DTS

ergy concentration proposed by H. Akiyama (1985), itis as-
sumed that the energy brought from the earthquake should
be dissipated completely by the brace system because the
main structure could not be allowed to plunge into the yield
for its dangerous to link with the overturn collapse of the
whole building.

The energy dissipating capacity and the response subdu-
ing capacity of the HD, however, have not been completely
understood yet. The purpose of this paper is, therefore, to
investigate the influence of some factors relating to the HD
on the seismic response of high-rise buildings, such as the
distribution shape and the fluctuation of yield level or sec-
ond stiffness of the HD.

The braces in some floor might be thought as one HD
shown in Fig. 2 (a). Relationship between the restoring
shear force Q and displacement & of the HD is considered as
bi-linear model illustrated in Fig. 2 (b). The yield level is
denoted as (y, elastic stiffness is denoted as Kyyp;, second
stiffness after yield is denoted as Kyp2. The yield level of
@y used in the numerical response analysis here is taken as
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05%W, 1%W and 2%W, where W is the total weight of
the building. The elastic stiffness of Kypy is taken as 4
times of the shear stiffness of main structure that will be
stated in section 3. The second stiffness Kyp2 of the HD
after yield is taken in the scope of 0 to 20%Kyp;.  The
influence of different yield level and second stiffness on the
response of shear strain and energy dissipating capacity will
be discussed in the following sections 6 to 9.

2. Simplified model for numerical response analysis

In order to make the numerical response analysis simply
for the high-rise buildings, we have proposed a multi-spring
and multi-lumped-mass analysis model shown in Fig. 3
based on the bending-shear pele model proposed by
H.Tajimi (1965), in which the shear and bending deforma-
tion could be divided into two independent parts in transla-
tion and rotational direction respectively.

In this analysis model, there are three springs and three
dash pots to be considered to connect two adjoining lumped-
masses. One elastic spring in translational direction stands
for the elastic shear stiffness of the main
structure.  Another one is inelastic
spring in translational direction and
stands for the shear-resistant inelastic
members such as braces (or HD). The

third one is rotational elastic spring
standing for the bending stiffness of the

Fig.2 Mechanism of HD

main structure. Two dash pots in trans-
lational direction and one in rotational
direction are considered as the natural
and artificial damping effect. The
mechanism of the springs and dash pots
is illustrated in Fig. 3 (¢). The relation-
ships between the restoring force and
displacement of the elastic springs and
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Fig.3 Analysis model
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HD are shown in Fig. 3 (d) and (&) respectively.

3. Optimum stiffness distribution of the main structure

In order to make the material be used as most benefit as
possible, it is necessary to have the shear strain and bending
curvature maintained constant throughout the height of the
buildings. It is obviously meaningful that an optimum stiff-
ness distribution should be used in the design of main struc-
tures, because the response of shear and bending strain is
mainly depended on the shear and bending stiffness of the
main structure. A continuous optimum stiffness distribution
to consider the shear and bending deformation separately
based on the first vibration mode has been developed by J.J.
Connor and A. Wada (1992). That is, however, certainly
not the optimum distribution as for the MDOF system due to
the effect of higher order vibration mode. We adopt there-
fore an approximate optimum stiffness distribution proposed
by the writers (1993), that are summarized in the following

equations. .
D,=mg i [HiJ*D
2 3
_mH [l,,i\. :
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Dﬁ = ﬂu +ﬁ1f+p62f2 +ﬁ3f3 +ﬁ4f4
where,

s structure parameter (H/fB )

: dimensionless coordinate (x/H )

: total height of building
: width of building

: constraint of shear strain to column strain

: mass per unit height of building

: first circular frequency of structure in radians
The values of coefficient aj and Bi are listed in the table 1.
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4. Energy deposited in the vibration system
The motion equation of a general vibration system model

shown in Fig. 3 might be expressed in the following form,

My+(C, +C)y+F.(3)+F, () =F, ©)
where,
M5 : inertia force item of the system,
C,¥ : natural damping force item,
C,¥ : artificial damping force item,
F,(y) : elastic restoring force item,
Table 1
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F,(y) - inelastic restoring force item,

F,, : seismic force item.

Multiplied by dy on both sides of Eq. (3), and integrated
from beginning 0 to time 7, Eg. (3) will be transferred into
the following energy form.

M| yyde+C,[ yde+C, [ yar+
, @
e+ [ F(y)yde = [ P, yar

or

E+E +E,+E,+E, =E (5)

eq

where,

E, = M_Llj‘ydf denotes the kinetic energy of the system,
E,=C, j{:yzd: denotes the natural damping energy,

E, =C, L $idt denotes the artificial damping energy,
B = L'F,(y)j'dr denotes the elastic strain energy ,
E,= _[U'Fp(y)ydr denotes the hysteretic energy in HD,

E,= J: F, ydt denotes the input energy of earthquake.

In the vibration system without any artificial dampers,
the third term of Eq. (4) will be disappeared. On the con-
trary, if there is no inelastic members (or HD) occurred in

the system, there will be no fifth term in the Eq. (4). If
some structural members are plunged into the inelastic
range, the inelastic members will act as HD and similar to
the artificial viscous dampers. Let the energy dissipated by
the inelastic springs (or HD) be equivalent to the energy
consumed by the artificial viscous dampers, that is,

E,=| F,0ba=E,=C,[ ya (6)

From this equilibrium condition, the prediction formula
of the equivalent viscous damping coefficient 4, could be
derived on the basis of assumption that the artificial damp-
ing term Cg be proportional to the shear stiffness of the main
structure, that is

C,==hD, N

After it is substituted into Eq. (6),
the equivalent viscous damping coeffi-
cient 4, could be expressed by the fol-
lowing formula for a MDOF system.

. m,jn[%: Fp(yl)y‘:ldt
. 2] goﬁ.yf]d:

h 8

Ba=]0.2971+0.1864A-0.044242

Fig.4 Dimensionless stiffness
distribution used here

Bi=]-16279-0.04154-0.0022A2

Ba=[0.5408+0.38444-0.04812 T S
By=[-03113-0 5247A+0.0924A eominm B (0 Bending siffoes - B
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where, @ is the first circular fre-
quency of the building structure.
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5. The ground motions used in the response analysis

In the dynamic response analysis, we utilized three kinds
of artificial ground motions that are generated by ourselves
to fit for a given target design spectrum of equivalent veloc-
ity based on the earthquake energy (H.Akiyama 1985).
These artificial ground motions are created by using FFT
method and using the phase extracted from the famous EL-
CENTRO and HACHINOHE real earthquake ground mo-
tion as well as uniformly distributed RANDOM phase, The
history diagrams of acceleration of these artificial ground
motions are shown in Fig. 5. Even though the artificial
ground motions are fit for the same spectrum the maximum
values of acceleration are quite different because the quite
different phases are used.
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Fig. 5 Artificial ground motions

6. Influence of HD place position

In the next sections, we will discuss the influence of vari-
ous factors relating to the HD on the shear strain response
and energy dissipating capacity. The height of the example
building used in response analysis is 200M and the total
weight is 1960 1on. The natural periods under 3rd vibration
mode are 6s, 2.1s and 1.2s, respectively. The yield level Qy
of HD is taken as 0.5%W and the second stiffness of HD is
taken as 5%Kpp; here,

We at first discuss the influence of HD place position
throughout the building height on the seismic response. Let
us take one HD as an example shown in Fig. 6, which is
arbitrary placed on the i story.  Fig. 7 and 8 illustrate the
displacement response at top floor and the energies dissi-
pated by the HD under three different ground motions. The
vertical axis denotes the HD place position that varied from
the ground floor to the top floor. The lateral axis of Fig. 7

shows the displacement ratio of xi? /xj8, where xj? de-

notes the displacement at top floor when a HD is placed on
the i floor and xyp denotes the displacement without any

HD. The lateral axis of Fig. 8 shows
A the energy dissipated by the HD.

i In the legend of the figures, elns
denotes the wv_elns ground motion
be used, hans denotes the wv_hans
istory  ground motion be used, rand denotes

the wv_rand ground motion be used.

From these figures, it is obvious to
understand that the HD placed on the

lower half part of the height is quite

Y L efficient in reducing the displacement
Fig.6 Place position Tesponse and dissipating the carth-
quake energy. The characteristics of
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the ground motions greatly affect the validity of HD. For
example, the content of the displacement response reduced
is very small when wv_rand ground motion is used by com-
paring with two other ground motions. On the other hand,
the energy dissipated by HD is quite larger when wv_elns is
used than that two other ground motions are used.

7. Influence of the HD distribution shape on the shear
strain response

Even if every story is equipped with HD, there is also a
problem of distribution shape of the HD stiffness and yield
level. Two 1ypes of distribution shape shown in Fig. 9 (a)
and (b) are considered here. Case A considers the propor-
tional distribution to the shear stiffness of main structure, it
is noted as P.D. of H.D. simply, case B considers the uni-
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form distribution throughout the height and noted as U.D, of
H.D. The shear strain responses of these two cases of distri-

bution shape are illustrated in Fig. 10. The result of the case

without any HD is also plotted in the figure for the purpose

of comparison.

It has been seen from Fig. 10 that there is great benefit in
both cases in reducing the shear response compared with the
case without any HD. Although the shear strain in the lower
half part has no difference between case A and case B,
however, the shear strain in the upper half part in case A is
less than that in case B because the stiffness of case A is
larger than that of case B in the upper half part.
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Fig.10 Influence of
distribution shape.

Fig.9 Two types of
distribution of H.D.

Another kind of distribution shape of HD illustrated in
Fig. 11 have been analyzed next. We here consider ten cases
in which the HD are distributed in only first floor, under 2nd
floor, »s+s+=, under 9th floor and all the floors. The shear
strain responses in these ten cases have been illustrated in
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Fig. 12. Itis obvious to know from this figure that the shear
strain response is abruptly decreased in the floor where the
HD is certainly attached to the main structure. The validity
of HD on reducing the shear strain response could also be
confirmed here.

8. Influence of yield level of HD on the shear strain re-
sponse

In this section, we will discuss the influence of different
yield level Oy of HD on the shear strain response and energy
dissipating capacity. The validity of energy dissipating
would be appreciated by transferred into the equivalent vis-
cous damping coefficient by means of Eq. (8) stated in sec-
tion 4.

Three kinds of yield level Qy, 0.5%W, 1.0%W and 2%W
have been taken into the consideration, where W denotes the
total weight of the building. Ground motion wv_elns has
been used in the numerical response analysis.

The shear strain responses by using different yield level
are plotted in Fig. 13.  The shear strain response is greatly
subdued when HD is used, but the influence of using differ-
ent yield level is not so great compared with the decreased
content from that without any HD. We know that it is suffi-
cient to use the low yield steel with 0.5%W yield level from
the figures.

The input earthquake energy and that dissipated by HD
corresponding to different yield level, has been shown in
Fig. 14. It is known that 50% to 70% of input earthquake
energy 1s dissipated by the HD corresponding to the different
yield level.  Although the yield level of HD varies from
1%W to 2%W, the energy dissipated by the HD is quite
near the same under this kind of ground motion.

The equivalent viscous damping coefficient obtained in

line with the equivalent energy principle
are shown in Fig. 15. The values of
equivalent viscous damping coefficient
are 5.19%, 9.43% and 14%, correspond-
ing to the 0.5%W, I%W and 2%W yield
level respectively.

9. Influence of HD second stiffness on
the shear strain response

While the second stiffness of HD (Re-
fers Kyypz in Fig. 2) is varied from (0 ~
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Fig. 16 Influence of second stiffness
on the response of shear strain

pacity and the equivalent viscous damping coefficient have
been illustrated in figures 16, 17 and 18.

Similar to the influence of yield level, the second stiff-
ness of HD has some influence on the shear strain response,
but the quantity is not so large comparing with the decreased
content from that without any HD. The results said that the
subduing capacity of shear strain response increases with the
second stiffness of HD increases.

Fig. 17 shows the input earthquake energy and the energy
dissipated by HD varied with the time. The HD dissipated
energy is relatively lower if the second stiffness is 0. That
will, however, increases largely and not changes extremely
as long as there is some second stiffness in HD. Even that,
the percentage of HD dissipated energy over the input earth-
quake energy seems to be near.

It does not seem from Fig. 18 that the equivalent viscous
damping coefficient is influenced greatly by the second stiff-

ness of HD, even the energy dissipated by HD is so much
different (see Fig. 17) by using different second stiffness.
The difference value of equivalent viscous damping coeffi-
cient is only 1% approximately, when the second stiffness of
HD varies from (0% ~ 20%) of elastic stiffness.

10. Conclusion
We have confirmed that the following conclusions could
be drawn from the above numerical response analysis.

(1) The HD such as shear-resistant members like braces
made from extra low yield point steel have sufficient energy
dissipating capacity and response subduing capacity acted
like the same way of viscous damping.

(2) The HD placed on the low half part of the high-rise
building is more efficient in reducing the response of dis-
placement at the top floor than those placed on the upper half
part of the buildings because the low half part is dominated
by the shear deformation.

(3) It is very important that the HD should be continu-
ously placed throughout the height of the buildings, in order
to make the shear strain distribution be near the constant for
the purpose of optimum design.

(4) The distribution shape of yield level and stiffness of
HD throughout the height is not so important. Itis suitable
to adopt the uniform distribution for the safety and conve-
nient of manufacture.

(5) The HD with 0.5%W vyield shear force level is suffi-
cient to make HD pose enough energy dissipating capacity
and subduing capacity of shear strain response.

Fig. 17 Energy disipated by the H.D.
with different second stiffness

Time(sec)

Fig. 18 Equivalent viscous damping
coefficient with different second stiffness

(6) Itis proposed that the HD with some second stiffness
are used for the sake of energy dissipating capacity, al-
though the second stiffness of HD is not so important in re-
ducing the shear strain response.

(7) At last, we also have to say that different ground mo-
tion has a great influence on the various response even the
used artificial ground motions are created to fit for the same
design spectrum of energy velocity.
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