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SUMMARY

This paper presents a progressve method to congtruct restoring force characteristics of woodframe houses
based on hygteretic characteristics of individua dement. Theindividua characteridtics of the dements such as
woodframe of columns and beams, braces and vibration control devices are determined by a series of pseudo
dynamic tests conducted for three specimens. The isolated characterigtics are expressed by the Bouc-\Wen modd.
The gpplicahility of the proposed compaosition method is vdidated through a Smulaion andyds for sheking
table tests conducted for awoodframe specimen with visco-dadtic sructura control devices.

1. Introduction

In assessing dructurd safety of wooden dructures by seismic response andyses, it becomes important to
express the nonlinear characteristics of dructures gopropriately. Woodframe houses are composad of various
elements such as beam-column, braces, shear wall pands, structurd control devices and so on. It isdesrable to
condruct the overdl nonlinear characteridtics of the sructures based on the hygeretic characteridtics of the
individud eements. Though some hyseretic modes gpplicable to wooden houses have been proposed, the
method to congtruct systemétically the hysteretic characterigtics based on those of individua dementsinduding
visco-dadtic sructura control devices has not been established. This paper describes a method to congtruct
nonlinear characteristics of woodframe houses with visco-dadtic sructurd control devices on the bads of
hyderdtic characteridic of each dement extracted from pseudo-dynamic tests. The gpplicability of the
compogition method is vdidated by asmulation andysisfor experimentd results conducted by a sheking table
ted.

2. Extraction of Hygteretic Characterigticsof Elements

2.1 Psaudo-Dynamic Testsof Wooden Frames

A saries of pseudo-dynamic tests of woodframes with and without braces or visco-eadtic sructurd control
devices have been conducted to extract the hysteres's characteritics of dements compos ng woodframe houses.
Three specimens and the corresponding names are shown in Fg. 1. The specimen GVA is a woodframe



Sructure with diamond-shagped vibration control devices, each of which has visco-dadtic (VE) dampers a the
top and bottom of the devices. Deformation of the VE damper is limited to 15 mm, beyond of which wooden
braces withstand the laterd force exerted on GVA. Dimensions of the members of specimens are shown in
Table 1.
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Fig. 2 Time History of Excitation

Pseudo-dynamic tests were performed by a snusoidd forced-displacement test with changing the amplitudes
and the frequencies The combination of excitation amplitude and frequency is shown in Table 2.
Forced-disolacement time higtory of theexcitation isshownin Hg. 2. Thelaera load was given by actuator and
disolacements were obsarved by did gauges and laser meters. The averaged results of 2 to 4 cydes for eech
dage of excitation are usad in thefollowing andyses.

(9) Brace : 45mm x 90mm

2.2 Extraction of Hyseretic Characterigicsof Individual Elements

On the bass of the superposition law of stiffness, which has been confirmed by authors (Sato et. d 2006 [1] ),
the hyseretic characteridtics of respective dements may be extracted by the pseudo-dynamic tests carried out
for specimens shown in Fg.l. The extracted hyderetic characteridtics of dements of woodframe, brace and
GVA aeshownin FHg. 3for different interstory angles.
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Fig. 3 Hysteretic Characteristics of Individual Elements

3. Condgruction of Hysteretic Models

3.1 Outlineof Modding of Hysteretic M odd

Hyderetic characteristics of the dements tend to show a strong nonlinearity of spindle-shaped even for amdl
deformation, and pinching behavior with increasing of deformetion as shown in Fg. 3. It is intended, for
convenience of response andyses, to express andyticaly the nonlinear hysteress by a combination of
spindle-shaped and strong dip behavior with use of Bouc-Wen modd (Wen 1976 [2] ) asshown in Fg. 4 (Sato
et. d 2007 [3] ). The andlytical modelsadopted in this paper are shownin Egs (1) and (2).
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Element-1:Z = 4x- f,|4|Z )
Element—2: Z = 4,x - y,x|Z| ¢

where Z isthe laterd load, x isinterstory deformation, and A1, 1, A2, 72 e parameters expressing the hyseress
shapes. Explicit expressionsfor Z can be obtained by solving the differentid equations.

3.2 Method to I dentify Parameter sof HysteressModd

The parameters of Egs (1) and (2) can be determined on basis of the experimentd results for the respective
elements. For Element-1 shown in Fg. 4, the parameters are determined S0 as to make the dissipation hysteresis
energy correspond to the andytica modd. The schematic concept is illudrated in Fig. 5, in which Ax; is the
width of aloop corresponding to Z.

Hysteretic Characteristics
by Experiment

Fig. 5 Extraction of Element-1 from Experimental loop

With use of the solution of Eq. (1), thewidth may be given by the following equation.
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The parameter 4; and 1 in Eq. (3) are determined S0 asto minimize afunctiond given by
f(Al’ﬁl1Xp)=zwi('x2i_'xli_Axi)z @
i=1

in which w; isweighting factors. The parameters of Element-2 shown in Fig. 4 can be determined based on the
hysteresis loop evauated by subtracting the loop of Element-1 from the experimenta loop. The detail may be
found dsewhere (Sato et. d 2007 [3] ).

3.3 Modding of Visco-Elagtic Sructural Control Device

The hyderetic characteridtics of the GVA dement shown in Fig. 3 indude both the characteritics of wooden
braces and those of VE dampers. By decomposing the hyderetic characteristics of GVA into those of the
compogtion members, the performance of the device GVA may be definitely evauated. It is reasonable to
assume that the VE damper and the braces are subjected to the same force. Thus, the mechanicd modd of the
gructurd control device can be expressed by a series connection of these hyseressasshownin FHg. 6.
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Fig. 6 Hysteretic Model of Visco-Elastic Structural Control Device

Asfor the VE materid, we try to express the characterigtics theoretically. Following the papers by Kasai
et. a (Kasa 2001 [4] , 2002 [5] ), afractional derivative modd for the constitutive equation shown in Eq. (5)

isadopted in this paper.
t+aDc=G(y+bDy) ©)

where 7 is shear dtress, y is shear rain, D” is o-th fractiond derivative operator ( = d°/dt”) and a, b and G are
parameters to be determined according to the change of temperature, frequency and sresslevel generated inthe
VE maeids. It may be shown that hyderetic characteridtics of the VE damper shown in Fg. 6 can be
expressed findly asfollows. The detall will befound in adifferent paper (Sato et. d 2008 (6] ).

Z=Cx,+Cyx,+C, 6)

where Z isthe laterd |oad gpplying on the damper and x, is the deformation of the VE damper, and Cy, C> and
C; arethe coefficient determined by the congtitutive equation shown in Eq. (5).

Based on the hydteretic characteridtics obtained by Eq. (6), the characterigtics of wooden braces can beisolated
by subtracting the hysteresis loop of VE damper from that of GVA shown in Fig. 3. The resolved hyderess
loopsare shownin FHg. 7 for interstory digplacement angles 1/120 rad and 1/30 rad. In the results of VE damper,
dueto the effect of Soppersapike-like hardening isrecognized in the result of 1/30rad.
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4. Sasamic Smulation Analysesof Shaking-Table Tests

4.1 Outlineof Experiment

The shacking-table tests were conducted for one-gtory woodframe structure shown in Fg. 8 (Sato et. d 2007
[7] ). The specimen has four pairs of double braces and two sructurd control devices in the direction of
excitation. On the top of the specimen ded plates of gpproximately 40kN of weight was mounted, which is
equivaent to the weight of upper sory. Regarding an input earthquake motion to the shaking table, the



accderation record of IMA-Kobe of Hyogoken-Nanbu Earthquake which was scaled to 25 cm/sec and 50
cmv'sec of the maximum velocity was gpplied. The observation points of the regponseare shownin Hg. 8.

Steel Weight Plate 40 kN

@ Accelerometer

A Direction of Excitation

Shaking Table
(Circle)

Fig. 8 Outline of Shaking-1able Test and Observation System

4.2 Condruction of Hygeretic Characterigicsand Response Analyses

Hyderetic characterigtic of this gpecimen can be condructed by adding the individua characteridtics of
dementsas shown in Fg. 9 In addition to the hysteres's damping of each element, a certain viscous damping is
introduced in the mechanicad modd.
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Fig. 9 Mechanical Model for the Simulation Analyses

For the system shown in Fig. 9, the equation of motion can bewritten asfollows.

i+ i 1Y 7 (xd) =, 7
m

m
inwhich Z; (i =/, b, G') arerestoring forces of the respective dements of frame, brace and GVA. For the frame
and brace, the restoring forces may be expressed by Eq. (8) with consderation of Egs (1) and (2).
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Asfor GVA, therestoring force Z; may be shown to be expressed formdly asfollows.
— Ky Koa -)'c
G
KGb + KGd
where K is the equivdent diffness of wooden braces of the GVA dement and K, is the diffness of VE
damper. Onthe basis of Eq. (6), K, may be expressed by
X 1
KGd=C1+C2x_d+C3._ (11)

d Xq
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Innumerical caculation of the equation of motion, the Runge-K uttamethod was made use of.

4.3 Verification of Sasmic Smulation Analyses

The method for composition of the hysteretic characterigtics of woodframe houses ingaled structurd control
device was vdidated by comparing the numerically evauated and the shaking-teble tet results.
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Fig. 10 Comparison between Analysis and Experimental Results (max. vel. 25 cm/sec.)
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Fig. 11 Comparison between Analysis and Experimental Results (max. vel. 50 cm/sec.)



The compared results of accderation and displacement responses are shown in Fg. 10 for a maximum input
of avelocity scaed to 25 cmvsec. We will notice fairly good agreement between the two results. In Fg. 11, the
comparisons of the results are shown for amaximum input vel ocity scaled to 50 cm/sec.

5. Concdluson

In this study, a method is proposad to compose the hysteretic characteridtics of woodframe houses induding
visco-eladtic sructurd control devices on the basis of the respective dements which are determined by a series
of pseudo dynamic tests. The effectiveness and applicability of the method are confirmed by comparing the
andytically evauated reponses with experimental results conducted with use of ashaking-table. The advantage
of the proposa method may be summarized as having the capability to congtruct restoring force characteridtics
of varied woodframe houses which are composed of the dements such as beam-column frames, braces and
vibration control deviceswith VE dampers.
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