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Abstract

The pagr presents the results of an experimental evaluation on the effectiveness of applying viscous dampers to reinforced concrete mom
resisting building structures. The unique feature of these moment-resisting concrete building structures, as is common practice in Taiwar
that lightly reinforced concrete exterior walls and interior partition walls are provided in construction but not considered for their contributio
of stiffness and strength in the design process. With these additional walls it is suspected that, with the small relative story displacement
velocity, the effectiveness of supplemental dampers will be very limited. However, the test results show that an efficient installation mechanis
the toggle-brace-damper system, is effective even with a small relatie diift in the seismic response couoit of the structure. In addition,
on contrast to the usually assumed behavior, the slender wall system subjected to lateral seismic force reveals a double-curvature behavi
each story rather than a cantilever behavior ahale Furthermore, for energyunsideration, the “momentainput energy method” is found to
be more rational than the “absolute input energy method” to evaluate the damage potential to structures and to demonstrate the effectivene
supplemental viscous dampers to structures.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction a oonsequence, these reinforced concrete moment-resisting
structues are neither a pure moment resisting frame nor a
Reinforced concrete moment reing structures according dual system. Therefore, no clear design guidelines are readily
to their definition are normallyithout reinforced concrete avadlable for the seisit design of this ype of structure in
walls. However, it is the common practice in Taiwan that athe current seismic design codé—4. However, it is not
greatamount of reinforced concrete moment-resisting buildingghe function of this study to investigate the inelastic seismic
are constructed with 15 cm thick lightly reinforced concretepehavior of these structures or to possibly develop rational
exterior wdls together with 12 cm thick lightly reinforced response modification factors for these structures. Instead, it
interior partition walls. These reinforced concrete walls arg€s the goa| to investigate the effectiveness of incorporating
normally providedwith the minimum reinforcement required gsypplemental dampers into these structures. For incorporating
by the American Concrete Institute (ACI) building codd,[  syuctural dampers, it is regnized that with the additional
and are not considered for their contribution of StiﬁneSSexterior and iiiterior iightiy reinforced concrete Waiis the
and strength to the structure during the design stage. Agffectiveness of adding yielding type dampers will be very
limited. This is becausthe story drift is greatly reduced by the
mponding author at: NationalaiWwan University of Science and additional walls Su.Ch that the yleldllflg .typ? dampers can hardly
Technology, P.O.Box 90-130, Taipei, Taiwan. become engaged into the energy dissipation under such a small
E-mail address: jshwang@ncree.org.t4d.-S. Hwang). story drt. Therefore, velocity type dampers, such as viscous
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where Fy is the damper forceCq is the damping coefficient,

U is the relative velocity between the two ends of the damper;
a is the damping exponent; and sgn = 1 whenu > 0 and
sgnu) = —1 whenu < 0. The damper withx = 1 is cdled a
linear viscous damper while the damper wittsmaller than 1

is called a nonlineariscous damper.

Following the concept of equivalent damping ratio provided
by Federal Emergency Management Agent$,12] and the
formulations given in research reports ]3], the composite
damping ratio of a building structure with supplemental viscous
dampers is determined based on the fundamental dynamic
properties of the first vibration mode in the form of

Z Cj Aj T2—2j ( fj¢rj )l+aj Avi—1

_ _ J
beft =60 +&d =60+ 2 Z m ¢i2 (2)

Fig. 1. Commonly used configurations faistallation of viscous dampers: (a) _ . : : .
diagonal-brace damper; (b) K-braceaujger; (c) upper toggle-brace-damper; where &ft = the composite damping ratio of the structure;

(d) lower toggle-brace-damper. & = the inherent viscous damping ratio of the structure;
& = the damping ratio antributed by the viscous dampers
dampers, rather than yielding type dampers have been appli¢d the structureCj = the damping coéitient of damperj;
to this type of structure in Taiwan. However, with the smalloj = the damping exponent of dampgr, T = the natural
story drift, it is still not sufficiently clear how effectively the period of the first vibration modes; = the normalzed modal
supplemental viscous dampers will benefit this type of structurelisplacement at thigh story corresponding to the first vibration
for seismic protection. It is therefore one of the purposes ofmode shape (the roof displacement is normalized to a unit
this study to experimentally investigate the effectiveness of aalue);A = the relative displacement of the roof to the ground;
viscous damper installation scheme in reducing the seismig;j = the relative modal displacement between the ends of
responses of this type of structure. damperj in the horizontal direction corresponding to the first
For the instHation of viscous dampers, there exist four vibration mode shapef; = the magnificationdctor of the axial
commonly used configurations, the diagonal-brace damper, kdeformation of dampey to the corresponding horizontal story
brace-damper, upper toggle-brace-damper and lower togglekift; m; = the mass of théth story.In practical applications,
brace-damper, as shownfiig. 1[5]. Among theserstdlation  the same damping exponent is usually designed for all dampers
configurations, the upper toggle-brace-damper systéi [ to be installed to a building structure. The paramejeis then
possesses the largest amplification factor for the axial dampealculated by
displacement corresponding t@ lateral story drift of the 5 o]
structue. Since it can be expected that the structure withM — 92+qj re(i+3) 3)
“additional” lightly reinforced concrete walls will yield a I'2+aj)
relatively smaller lateral story drift, it is therefore decided in
this study to adopt the upper toggle-brace-damper system
the energy dissipation systerorfa scaled-down three story
reinforced concrete model. Shaking table tests are conducted i = fu (4)
investigate the effectiveness of the toggle-brace-damper system .
by comparing the seismic responses and damage patterns \¥hereus = axial deformation of the damper and = the
two test structures respectively with and without upper togglelorizontal story drift; the magnification factors corresponding
brace-dampers. In addition, theput energies are determined t0 the lower and upper toggle-brace-damper systems shown in
based on the absolute input energlydnd the momentary input Fig. 1are respectively derived ag|[
energy P,10] respectively. The results are used to justify the sinés sin(6y + 63)

wherel" is the gamma function. The agnification factors of
#4.(2) are defined by

rationality of the two energy methods in evaluating the damagdL = o011 02) )]
potential of earthquake ground motions to structures.
and
2. Design formulas for structures with nonlinear toggle- sinfy .
bl’ace—dampers U = m C0$94 - 91) + S|n94. (6)

Based on Eqs(5) and(6), it can be easily understood that if
an appropriate geometric layout is selected the magnification
factors of toggle-brace-damper systems can be much larger
Fg = Cqlu|“sgn(u) (1) than the diagonal-brace-dammerd K-brace-damper systems.

The force—velocity relationship of a viscous damper is
described by
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Fig. 2. Plan and eletion of test schedule with lightly reinforced concrete wall (unit: cm).

In addition, it has been demonstrated that the upper togglagiven inFig. 3. The thickness of the concrete wall of the test
brace-damper system is more efficient than the lower togglemodel is 4 cm, and the reinforcement is 10 cm10 cm
brace-damper system in amplifig the axial deformation of the steel welded wire mesh with a wire diameter of 4 mm, as
damper corresponding to a prescribed story driftTherefore, shown inFig. 3. The horizontal reinforcement ratio is about
the upper toggle-brace-damper system is adopted in this study3% in agreement with the munon constructio pradice
as the installation scheme of the dampers to the test structurig Taiwan with a reinforcement ratio of. 26%~0.4% which
such that the effectiveness of the dampers can be possiblgatisfies the mimum requirement of ACI] on thehorizontal
enhanced considering the small story drift of the test structurgeinforcement ratio of a reinforced concrete wall. In order to
with a lightly reinforced concrete wall. enhance the workability for the casting of the 4 cm thick
reinforced concrete wall, ready-mixed self compacting concrete
is used. he height to width ratio(h,/l,) of the wall is
Two identical test structures we fabricated for shaking ©dual to 4.0 such that it is categorized as a slender wall for
table tests. One was equipped with the upper toggle-bracé!‘!h'Ch a flexural faﬂure mode |$aum§d.The.avage concretg
damper while the other was without the dampers. The teggtrengths for the first, second and third stories are respectively
structure in he direction of shakingX direction) is composed 2940 N/cn¥, 4900 Nent* and 4212 Nen?. The aerage tested
of three parallel three-story reinforced concrete frames, iryielding stresses for #2 (stirrups of beams and columns, and
which two exterior frames are moment resisting frames andnain reinforcerents of floor slabs), #3 (main reinforcements
one interior frame is a momengsisting frame with a lightly ~of beams and columns), #4 (main reinforcements of footing),
reinforced concrete wall in one of the two bays, as shown ir@nd 4 mm diameter wire (main reinforcements of walls) are
Fig. 2 The eleation and plan dimensions of the test framerespectively equal to 58 kN/cn?, 37.4 kN/cn?, 37.1 kN/cnv
are also given inFig. 2 The teststructues are assumed to and 780 kN/cm?. The seismic reactive weights in the second
be a 1/2.5 scaled down model. The column cross section i&oor, third floor and roof are estimated to be respectively equal
18 cm x 18 cm and the detailed reinforcements are showrto 155 kN, 155 kN and 129 kN simulated by added lead blocks
in Fig. 3 The coss section dimensions of all girders aretogether with the reinforcedoncrete slabs and girders. The
12 cm x 18 cm and some typical reinforcement details aredesign base shear force is determined to be equal to 0.11 W

3. Test structures
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Fig. 3. Member dimensions and details of test structure.
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story. The damping exponentg of the viscous dampers at the

‘ first, second anchird floors are respectively equal to 0.5, 0.4,
and 0.4 while the damping coefficien®;,, are correspondingly
Fig. 4. Elevation of frame B of test structure with upper toggle-brace-damperseéqual to 1204 kN (S/mm)O.S, 2117 kN (S/mm)0'4 and
2.027 kN (s/mm)%4. The resits of typical cyclic loading tests
according to the seismic designde of building structures of of the viscous dampers are shown kig. 5. A trial white
Taiwan E], whereW is the total seismic reactive weight of the noise shaking table test of the structure without dampers was
test structure. It should be noted that the contribution by theconducted first to identify the fundamental properties of the
lightly reinforced concrete wall to the stiffness and strength oftest structure so thiahe damping contribution of the dampers
the test structure is not considered during the design, accordirgan be estimated. The first mode natural period was 0.24 s
to current practice in Taian. Inother words, the test structure is and the corresponding modal displacements at first, second and
designed assuming it is a pure mem resisting structure rather third story were 1.0, 0.73 and 0.38, respectively. Substituting
than adual system. these preliminary test results, the damper properties and the
The viscous dampers are installed to the interior frameparameters given in the installation layoutFf. 4 into Egs.
with an upper toggle brace mechanism, as showkim 4, (2) and(6), the theoretical added damping ratio of the toggle-
to enhance the energy dissipation capability considering thbrace-dampers is illustrated iRig. 6. From the fgure, it is
presence of the additional ligh reinforced concrete wall obvious that the damping ratio contributed by the supplemental
which will limit the dory drift during earthquake excitation. dampers is dependent on the rd@éplacement of the structure.
The dynamic cyclic loading tests of the dampers have beeHowever, it is worth noting that the fundamental dynamic
performed to determine the damping coefficient and dampingroperties such as natural period and mode shape may be
exponent of the nonlinear viscous damper installed at eacklightly changed after the dgrers are added to the structurg [
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Table 1
Test ppgram
Testname Ground motions Nominal PGAm/sz)
WN1 White noise 20
100% TCUQ78EW EW component TCUQ78 station, 1999 Chi-Chi 439
200% TCUO78EW EW component TCUO78 station, 1999 Chi-Chi 879
300% TCUO78EW EW component TCUQ78 station, 1999 Chi-Chi 1319
WN2 White noise 20
Table 2
Summay of maximum responses of test struetunder various intensities of excitation
Excitation Frame type Max relative displacement at roof (mm) Max absolute acceleration égyoof
Without dampers 15.14 0.83
0,
100% TCUO78EW With dampers @9 0.74
Without dampers 32.24 1.37
0,
200% TCUO78EW With dampers 17.15 1.09
Without dampers 45.85 1.60
0,
300% TCUO78EW With dampers 25.66 1.29
0.6 < 10
o Measured at Roof
k3] .
wr € gl w{o dampers
o iy with dampers
T 5 |
C 04 %
2 &
a [
= 5
a S
% 0.2 2
8 3
= < . I . 1 . 1 . Fic
0 5 10 15 20 25
0 ! A , Frequency (Hz)
0 0.02 0.04 0.06

Roof Displacement (m) Fig. 7. Comparison of transfer funetis of test structures with and without
dampers subjected to@2g PGA white noiseexdtation.

Fig. 6. Calculated added dampingicecontributed by viscous dampers. ) . ]
during the structure shaking such that the dampers are visco-

Therefore, the added damping ratio may not be exactly thelastic-like rather than purely viscoug[Another reason may
same asvhatFig. 6 predicts. NeverthelesBjg. 6has provided be because the connecting steeddas are insufficiently stiff
a useful reérence for the preliminary design of the dampers incomparing with the story stifiess such that the toggle-brace-

an iteration process. damper systems reveal a slight visco-elastic behavior rather
than a purely visous behaviorf4].
4. Test program and test results The maximum responses measured at the roof of the

two test structures under various intensities of excitation are

The two test structures, one with dampers and the othesummarized inTable 2from which it is seen that the dampers
without dampers are subjected to a series of white noise tesige effective in reducing the seismic responses of the test
and earthquake tests, as shownTable 1 All the gound  structure. However, the control on the displacement responses
motions are subjected to a time scale p{/2.5 corresponding is more efficient than the control on the acceleration responses.
to the assumption of the test structure as a 0.4 scaled dowRmong those, for the test with the excitation of the 300% E-W
model. The white noise test of the structure without addedomponent of the TCU078 station of the 1999 Taiwan Chi-Chi
damper has shown a first mode damping ratio of about 7.6%arthquake (denoted as TCUO78EW), the damage patterns of
The white noise tests conducted between each two consecutitiee two test structures are summarizedrig. 8 from which
earthquake tests are to identify the changes on the naturalcan be realized that the toggbrace-dampers can help the
frequencies and mode shapes of the test structures. A typicsfucture to minimize the structural damage even though the
example at e very beginning of the tests is shown in story drift of the test structure is very small due to the existence
Fig. 7 from which it is seen that the structure with toggle- of the lightly reinforced concrete wall. In addition, from the
brace-damper system has a slightly higher frequency than thdamage pattern of the wall of the test structure without dampers,
structure without a damper. It is due to the fact that theit is seen that the slender walf the teststructue does not
gaps existing in theswivel joints of the dampers may slip deform in a cantilever shape as a whole. Instead, the wall
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Fig. 8. Damage patterns of test structures subjected to 300% TCUO78BWedet (a) without toggle-brace-damper system; (b) with toggle-braneeatasystem.

elements in each story deform in a double-curvature mannerompared with the control of a relatively flexible structure, in
which is different than what has been assumed or impliegarticular for the acceleration control; (2) during the ground
in most seismic design codes. The “clamping” effect of theshaking, the forces of the damper are added to each story and
concrete slab of each story on the wall has to be consideratius contribute to the acceleration response of each story even
in the wall behavior in resisting the lateral seismic force. Alsothough there exist phase lags between the story shear forces of
shown inFig. 8 as aher evidence for the double-curvature the RC frames and the damper forces at each story; and (3) the
deformation of the wall eleant in each story, the damage reduction of the spectral acceleration at the natural period or
pattern of the wall in the first story of the test structure withoutthe effective period of the test structure is less sensitive to the
dampers under 300% TCUO78EW earthquake shows that thgamping increase, comparingtiwthe reduction of the spectral
upper part of the wall has suffered more severe damage thafisplacement.

that of the lower part of the Wla This is because the wall is An interesting result shown irFig.11 indicates that

deformed in a double-curvature mode, and the concrete wage maximum story shear forces without the count of the
poured from the top of the wall such that more aggregates wergontribution of the horizontal components of the damper
located in the lower part of theadl. Thus, the strength at the forces are well reduced when the dampers are added to the
upper part of the wall in the first story is lower than the strengthest structure. Therefore, with the implementation of viscous
at the lower part of the wall. dampers, the shear forces exerting on the RC frames are
Another evidence of the effectiveness of adding a togglesjgnificantly reduced even though the reduction for the absolute

brace-damper system fto theCRsructure with a lightly  acceleration response at each story is not as significant as that
reinforced concretavall is provided by te conparison of for the displacement responses.

the response histories of the two test structures subjected to
the same earthquake ground motions. As can be seen fro
Figs. 9and10, during the ground shaking of 300% TCUQ78EW
earthquake record, both the aameltion and displacement . . .
response histories measured at each story of the test structure 0" €nergy on5|dera_1t|on of a structure subjected to
with toggle-brace-dampers are smaller than those of the te§@rthduake ground motions, the method proposed by Uang
stucture without dampers. In particular, the control of the@"d Bertero g has bng been used to determine various
displacement responses is significant. However, the control of"€"9Y histories. Adoptmg the concept of Uang and Bertero,
the acceleration responses was not as significant as that of tH @solute energy equation for structures with supplemental
control on displacement responses. This may be due to th4SCOUS dampers can be written as

following reasons: (1) the test agtureis a very stiff structure . . .
for which the seismic response control is much more diﬁicult/ mijdut +- / cidv +/ Fsdv +/ Fpdv = / mijtdvg (7)

B Ener gy consideration
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Fig. 9. Comparison of time histories of absolute acceleration of test structureBig. 10. Comparison of time histories of relative displacement of test structures

with and without dampers subjected to 300% TCUO78EW earthquake. with and without dampers subjected to 300% TCUO78EW earthquake.
where the system parameters are denotednas= mass; 300% TCUO78EW Test
¢ = viscous damping coefficient; = absolute acceleration;

-------- story shear of structure w/o dampers

vy = absolute displacementy = reldaive velocity; v = sl i Ay i

relative displacementpy = ground displacementfFs = (-5 story shear of structure minus horizontal damper force
restoring force; and~p = viscous damper force. The energy il e (A T
terms defied in Eq.(7) are respectively the kinetic energy, T | ’

the inherent system damping energy, the absorbed energy
composed of recoverable elastic strain energy and irrecoverable
hysteretic energy, the viscous damping energy attributed to SEL ®
supplemental viscous dampers and the input energy by the
earthquake ground motion. ‘ . L L
The input energy histories of the 300% TCUO78EW 0 0.2 0.4 06 08 1
earthquake to the two test structures with and without added M Stafy SneanTotal Welght
viscous dampers are calculatedriiy. 12 From the fgure itis  rig 11, comparison of peak response of test structures with and without
interesting to note that the total input energies determined at théampers subjected to 300% TCUO78EW earthquake.
end of ground shaking are approximately the same for both test
structures. In addition, the input energy histories are somewhattudy of Seleemah and Constantindd][in which the strudure
similar for both test structures. These results are considered twith added visous dampers was subjected to the larger total
be not reasonable since the test structure with supplementsiput energy than the structure without viscous dampers. Based
viscous dampers has been subjected to less damage than thethese studies, it is consi@er that employing the absolute
test structure without dampers, and thus the test structure witlenergy equation proposed by Uang and Bertero to determine
dampers should be subjected to less total energy input (dhe total energy input to the structure with supplemental viscous
energy demand) than that to the test structure without viscousampers may not be adequate. Therefore, in the following,
dampers. Some other irrational results can also be found in thbe momentary input energy proposed by Hori et &@,10]

Story No.
(]
m
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20000 S - .
which is illustrated inFig.13. According to Eq.(11), the
momentary input energy histories of the two test structures

0 10 T 20 30 subjected to 300% TCUO78EW are showrFig. 14. Thearea
enclosed in each rectangle is the momentary input energy in
Fig. 12. Time histories of total input ergy of test structures subjected to 300% the crresponding time intervdt, t + At]. From thefigure it
TCUO78EW earthquake (a) with toggle-brace-damper system; (b) withoutan be seen that the momentary input energy divided bio
toggle-brace-damper system. the test structure with adde@nhpers has been greatly reduced.
S(Eomparing the damage patterns of the two test structures, this
result has demonstrated that the momentary energy method
is more rational than the absolute input energy method in
evaluating the damage potential of an earthquake to structures.

/mﬂtbtdt+/Cbbdt+/kvbdt+/ Fouudt ComparingFigs. 9 10and14, it can also be seen that the larger
structural responses always occur around the instants with

is employed to evaluate the energy demand on the two te
strucures.
Rewriting Eq.(7) as

.. larger input momentary energies. This result further shows the
- / mij gt (8) appropriateness of using the momentary input energy instead
of the absolute input energy as an indication of the damage
potential of earthquake ground motions to the structures. In
Mty 4+ COY 4 Kvd 4+ Fpo = mijdg (9) addition, the momentary input energy history also indicates

L . . : when the structure may possjitiie sibjected to damage during
which is the equilibrium equation of power at any instant of thethe mocess of ground shaking.

ground shaking. The termij;vg of Eq.(9) represents the input
power to the structure by the earthquake. Instead of using th
input power, Hori et al. has proposed the concept of momentar
input energy as an index to represent the damage potential of an

earthquake ground motion to a structure. For doing so(®. The construction of reinforced concrete moment-resisting
is integrated with respect to the time within a time interval ofPulding sructures in Taiwan is commonly done with lightly

and taking the time derivative of E¢B), it is obtained

Conclusions

[t.t + At] reinforced exterior walls and interior partition walls whose
At AT e contribution to the strength and stiffness of the structure are
+ . + . + neglected in the design process. This study has disclosed that
muidu; + cutdv + kvdv " L .
t t the toggle-brace-damper systenstdl effective in controlling
t+At tHat the sismic responses of this type of structures even though
+ /t Fpdv = /t mijydvg (10)  their story drift (or relative story velocity) is relatively smaller

o ] than the pure moment-resisting buildings without the lightly
wheret andt + At are two consecutive instants with a zero reinforced concrete walls. Besides, the slender wall in a low
absolute velocity response of a structure during the groungge shear type building such as the test structure of this study
shaking. According to the definition of the kinetic energy in goes not deform in a cantilever mode as a whole, rather it
Eq. (7). thekinetic energy will then be equal to zero at thesedeforms in a double-curvature mode in each story. In addition,
twq consecutive instants. The momentary input energy is theg,o momentary input energy method is proved to be superior
defined as to the esolute input energy method in demonstrating the

tat effectiveness of adding viscous dampers to control the seismic
AE = /t Mt dvg (11) responses of structures. The momentary input energy can also
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Fig. 14. Time histories of momentary input energy of test structuregsiglyj to 300% TCUO78EW earthquake (a) without toggle-brace-damper syb)enith
toggle-brace-damper system.

be used to idetify the instants when the structures are subjected[7] Hwang JS, Huang YN, Hung YH. Anglical and experimental study of
to larger energy demand during the ground shaking.
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