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Abstract. Many types of passive control devices have been recognized as effective tools for improving
the selsmic resistance of structures. A lot of past research has been carried out to study the response of
structures equipped with energy-absorbing devices by assuming that the behavior of the beam-column
systems are linearly elastic. However, linear theory may not be adequate for beams and columns during
severe earthquakes. This paper presents the results of research on the nonlinear responses of structures
with and without added passive devices under earthquakes. A new material model based on the plasticity
theory and the two-surface model for beams and columns under six components of forces is proposed to
predict the nonlinear behavior of beam-column systems. And a new nonlinear beam element in
consideration of shear deformation is developed to andlyze the beams and columns of a structure.
Numerical results reveal that linear assumption may not be appropriate for beams and columns under
seismic loadings, especialy for unexpectedly large earthquakes. Also, it may be necessary to adopt
nonlinear beam elements in the andysis and design process to assure the safety of structures with or
without the control of devices.

Key words: dstructura control; energy absorber; seismic resistance; nonlinear analysis.

1. Introduction

In recent years, many different passive control devices have been suggested for mitigating the
harmful effects of earthquakes on structures. A lot of research in the past has also proven that
energy-absorbing devices are effective tools for reducing the seismic effects on buildings. Energy-
absorbing devices can be classified into velocity-dependent and velocity-independent (or
displacement-dependent) devices according to their mechanical behavior (Tsa et al. 1998).
Viscodlastic dampers (Mahmoodi 1972, Aiken et al. 1990, Zhang and Soong 1992, Tsai 1993, 1994,
Tsa and Lee 1993, 1994) and fluid dampers (Constantinou and Symans 1993) are the most
common velocity-dependent devices, but may fail to reduce structural response at the peak response
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of structure and the early stages (first few seconds) of earthquakes due to petty veocities. Ve ocity-
independent devices, including frictional dampers (Aiken et al. 1988, Pall et al. 1991, Pekau and
Guimond 1991) and metalic energy absorbers (Skinner et al. 1975, Kelly and Skinner 1980,
Steimer and Chow 1984, Whittaker et al. 1989, Bergman and Hanson 1990, Tsai and Tsai 1992,
1995), may not provide any damping to the structure during minor earthquake loadings. A lot of
past research and design analyzing the responses of structures equipped with passive control devices
by assuming that the responses of the beam-column systems were linearly elastic has already been
conducted. However, redlistic behavior of beams and columns may not be maintained in elasticity
during moderate or severe earthquakes. In order to predict the nonlinear behavior of structures
during earthquakes as exactly as possible, the development of a more accurate model for describing
the material behavior is necessary.

Any model describing plastic behavior should contain two basic features. One of these is the flow
rule, which is an incremental plagtic stress-strain relation. The second essential feature is the
hardening rule, which defines changes of the yield surface during the change of the plastic flow as
wel as the change of the hardening (softening) properties of the materias. The yield surface is
adlowed to expand (isotropic hardening), contract (isotropic softening), trandate (kinematic
hardening) and distort (dip theory) in the stress space. In the past, many models have been presented
for predicting the inelastic behavior of structures subjected to complex and nonproportional |oading
histories, such as those resulting from strong ground motions or wind gusts. Prager (1956) contended
that the motion of the yield surface was in the direction of plastic strain rate and trandated without
rotation in the stress space. Ziegler (1959) improved this model by maintaining that the yield surface
moved toward the direction of the vector connecting the center of the yield surface to the current
load point. Morz (1967, 1969) introduced the notion of a field work-hardening moduli represented by
a number of hypersurfaces and a new rule of kinematic hardening, which was different from those
published by Prager and Zieglar. In this modd, it was assumed that during translations, the individual
surfaces did not intersect, but only contacted and pushed againgt each other consecutively. Dafalias
and Popov (1975) modified Morz's model and replaced dl of the surfaces with an inner yield surface
and an outer limiting, or bounding surface. The motion of these two surfaces was governed by the
hardening rule of Morz, and the stress-strain curves lay within two parald graight lines XX’ and
YY’ that provided bounds in the stress-strain space as shown in Fig. 1.
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Fig. 1 Stress-gtrain relation in Dafalias and Popov’s model
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Fig. 2 Stress-dtrain relation in Tsai’'s two-surface model (Tsai 1996)

In addition, experimental results regarding the two-surface model for metals was reported by
Phillips (1979). It has been observed that the bounding surface expands isotropically in the stress
gpace and passes through the maximum stress point of the previous loading history. Also, the yield
surface changes its shape and size while moving with the loading surface. The motion of the yield
aurface is in the direction of the stress increment or predominated by the stress increment. Tseng
and Lee (1983) proposed a plastic two-surface model based on the observation of Phillips. In this
mode, the bounding surface expands isotropically and passes through the greatest, maximum stress
state that the materia has ever experienced. The yield surface, which moves within or with the
bounding surface either expands for hardening materials or contracts for softening materials during
the course of plastic deformation. Based on the two-surface plasticity model developed by Tseng
and Lee (1983), an andyticd model relating the force and strain is formulated by Yang et al.
(1995). This modd was verified through an experimental program that includes different
combinations of nonproportional applied forces such as the pure bending, bending plus prescribed
axial load, and the nonproportionally applied axia load and bending moment. Tsai (1996) and Tsai
et al. (1998) indicated that to satisfy both of the monotonic and nonproportiona loadings, the
bounding surface should be the surface created by the monotonic loading as shown in Fig. 2.

This study modifies some aspects of the Tseng and Lee's model (1983) and proposes a
generalized two-surface model consisting of six components of forces, as shown in Fig. 3. To
predict the stress-strain curves during the monotonic, nonproportional, complex and cyclic loading
histories, this mode proposes that the bounding surface lies on the stress-strain curve caused by the
monotonic loading (Tsai 1996, Tsa et al. 1998), as shown in Fig. 2, instead of the two paralld
sraight lines in Dafalias and Popov's mode (1975), as shown in Fig. 1, which may not
appropriately simulate both monotonic and cyclic loadings. For the convenience of computation, a
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Fig. 3 Two-surface model for nonlinear plagticity
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Fig. 5 Detail of VE damper

new beam element in consideration of the shear deformation is also proposed to analyze the beams
and columns of structures. Details of the new model and the numerical examples of the nonlinear
behavior of structures without passive devices and with TPEA devices (as shown in Fig. 4) and VE
dampers (as shown in Fig. 5) are aso presented in the following sections.
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2. Analytical model for material nonlinearity

In order to predict the nonlinear behavior of beam elements subjected to seismic loadings
accurately, a two-surface model based on the plagticity theory is proposed. This modd is suitable
for 2-node, 3-node, and 4-node beam elements. The theoretical derivation is briefly described below.

As shown in Fig. 3, it is assumed that the yield and bounding surfaces follow the kinematic and
isotropic hardening rules, respectively. When the stress resultant (force) fals within the yield
surface, the material behavior will be purely eagtic. The changes of the generalized plastic modulus
will be obtained by a related shape factor, while the stress resultant is located on the yield surface
and moving toward the bounding surface.

In a genera case, the generalized stress resultant F at any section of a beam eement (as shown in
Fig. 6) may be written as:

FF=1[P, Vo, V, M, Mg, M 1)

where P is the axial force and V,, V; are the transverse shear forces in the s- and t- directions,
respectively. M,, Mg, and M; represent torsion and bending moments about the s and t- axes,
respectively.

If ¢ is the generadized yield function for a section in the beam element, the outward, normal
direction to the yield surface is given by:

OF
n=-——m—r: 2
(0% 017
where
¢T=[QQQ£QQQ£_9¢__@QJ 3)
FTLOP oV, oV, oM, IM, oM,

n is the unit outward normal vector to the yield surface.

(Local Coordinate System)
(r,s, 1)

y
x (Global Coordinate System)

(x,y,2)
Fig. 6 Generalized stress resultants at any section of beam element
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According to the normality rule, the plastic deformation increment du,, is defined as:
du, = ndu, 4)

where du,, is the magnitude of the plastic deformation.
The normal component of the increment of the stress resultant dF is defined as dF, and given by:

dF, = n(n'dF) (5)

Assuming the relationship between the stress resultant increment in the normal direction, dF,, and
the plastic deformation, du,, follows the flow rule, then one obtains

dF, = K,du, (6)

where K, is a 6x6 diagonad matrix of the generallzed plastlc modulus derived from the
individual force-deformation relationship. If K, K and K represent this relationship in the
axia and two transverse directions, respectively, and K K and K indicate this relationship of
torsion component about r-axis, and two bending components about s- and t-axes, respectively, then
K, can be expressed as.

K, = diag[K}, K. Ky, Ky, Ko K]
= diag[(EA)p, (GAY), (GAD, (GJ)y, (El),, (ElY,] (7)

where E = elastic modulus, G = shear modulus, A = axial area, A = effective shear area in the
s-direction, A; = effective shear area in the t-direction, J = torsional constant, | = moment of inertia
about the s-axis, and |; = moment of inertia about the t-axis.

Since the projection of the tangent component of the stress resultant increment in the normal
direction vanishes, one obtains

n'dF, = n'dF (8
Substitution of Egs. (4) and (6) into Eq. (8) yields
n'dF = n'dF, = n'K,du, = n'K,(nduy) ©)

From Eqg. (9), one can obtain:

.
du, = 09F (10)
n Kpn
Substitution of Eq. (10) into Eq. (4) leads to
T
du, = —"—dF (12)
n Kpn

If the deformation decomposition principle holds in the theory of incremental plasticity, then the
total deformation, du, can be decomposed into the elastic part, due, and the plastic part, du,. The
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total deformation can be written as:
du = du,+du, (12)

The relationship between the increments of dastic deformations and forces is given by
dF = K du, (13)

Ke is a 6 x 6 diagona matrix of eastic moduli (rigidities) derived from the individua force-
deformatlon relatlonshlp

If KEiVI K and K are eladtic rigidities for the axid and two transverse directions, respectively,
and K., K * and K, o depict elagtic stiffness for the torsion and two bending components,
respectlvely, then K. is given by

K, = diag[KZ, K& Ko, K KES KM

= diag[EA, GA, GA, GJ, El, El,] (14)
Substituting Egs. (11) and (12) into Eq. (13), one obtains
dF = K du, = K du—Kedup

n

= K du—K .~ —dF (15)
n Kpn
Premultiplication of Eq. (15) by n' yields
.
n'dF = nTKedu—nTKe ?n dF (16)
n Ken
Rearrangement of EQ. (16) resultsin
T
d
nTdF = el (17)
1+ n Ken
nTKpn
Substitution of Eg. (17) into Eq. (15) leads to
T
K.d
dF = K du—K,——1 e =
(n"Kpm)| 1+ 0 Ken
n'K pNn
KennTKe
= Kdu——————=——du = Kdu (18)

n'Ken+n'Kyn
where K¢, is the modified stiffness of K. due to the plastic flow and can be expressed, with the aid
of Eq. (18), as

Ken n'K

Kep = Kgm—F7"— (19)
* © nTKen+nTKpn



524 C. S Tsai and Kuei-Chi Chen
Assume that the yield function ¢ for the beam section is given by:

Ca(p—0p)” + Co(My = 0t + Ca(Mg = 0tne) + Ca(P— 0tp) *(My = Oty)” + Cs(P — 04) (Mg = Otyr)

+ Co(My = Otn) (M = Oine)” + Co(Vg— 0tye)” + C(Vy — 04)° + Co(My — 04 )> = 1.0 (20)
where
P M, My M, V, vV,
p==—, m=—, m=— m=— V,=—, and v,= — (21)
PP Mpt ° MPS ' MPT ° VPS t VPI

P is the axial force; V,is the shear force in the s-direction; V; is the shear force in the t-direction; M,
is the torsion about the r-axis; Ms is the bending moment about the s-axis; and M; is the bending
moment about the t-direction. P, = the axial force in the r-direction to result in the beam element
yield in the entire section, Vs and V,; = the transverse shear forces in the s- and t-directions to
result in the beam element yield in the entire section, respectively; My, My, and M, = torsion and
bending moments about the r-, s- and the t- directions to cause the beam element yield in the entire
section, respectively.

If one defines N = [¢r ¢ (]

2 then the unit normal direction, n, is given as

_ T
n = [Ny, Ny, N3, Ny, N5, NG

- 1rs do do 26 2 oo -
NLOP' OV, oV, aM,” M, IM,
Let S=n'Ken + n'Kpn, then
S=ng Ko+ KE|+ g KE+ Ko+ g KL+ K+ K+ K3 +nd Ko+ K3 +nd K+ K (29)

With the aid of Egs. (7), (14), (19) and (23), the K, of Eq. (19) can be derived as the following
matrix form:

cp MEKD®  minpKIKS ningKeKe'  minKeKe'  ninsKeKe®  ningKeKe!
S S S S S S
v MK MnaKeKe  nonaKeKe mngKeKe'  nngKeKe!
e S S S S S
KV na( KZ()Z _"13|"|4K:z/‘KZ|r _nansK\e/[KZAS _nansK\e/‘K.’;A‘
Ko = S S 2 S S (24)
M, M, , Mg M, M
o Ma(Ke) mangKe'Ke™ nangKe'Ke
e S S S
2,0, M 2 Mg, , M,
METR'C K,’:S—nS(Ke ) n5n6Ke Ke
STy S S
2
i Ne(Ke)
L ¢ S .
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From the geometrical relationship, the distance & between the loading point at the yield surface
and the matching point at the bounding surface, as shown in Fig. 3, is given by

_ —(RF) +J(FE) — (BE)(FF - F)

8 — , i=1-6 (25)
JFiF
P Vv V, M, s M dP dVv, dVv,
where F; = = F,= =% Fo= -t F,=—L F o= 8 po=—LpF =S f - s f, =
Pp VPS th M pr M ps M pt Pp VPS th
daMm, . dM, . dMm . ' .
Fs= M_r Fs = v * Fe = M_I and Fg = yidd force of the bounding surface. While the stress resultant

ps pt
is on the \)/ield surface and approaching the bounding surface, the generalized plastic moduli
K, Ky', Ko, Ky, K3 and K may be obtained by the following equations:

K = (1+ h16—5_5)(}<o);’ (26)
6 S
1+ hzm)(l(o)p 27

(28)

(30)

(
(
Kl = (1+ = )(Ko)g”' (29)
(
(

)
K5 = (1% hegg) o)y (31)
where
A .
h, = g, i = 1~6 (32

O = the di\s/tance \t/)etweerhl/I the I(RAading and rHatchi ng points while the material starts yielding;
(KO)E, (Ko)p (Ko)p's (Ko), s (Ko),* and (Ko)," = generalized plastic moduli associated with the
bounding surface; A;, Ao, As, A4, As and Ag are unknown coefficients related to shape factors to be
determined from the experimental results by applying the curve fitting method. It should be noted
that the ranges of shape factors hy, hy, hs, hs, hs and hg can also be acquired from the experimenta
data.

Knowledge of the yield surface's mation is essentia for the determination of 6, &, and the
generalized plastic modulus. The following is the derivation of the motion of the yield surface.
According to the experimenta observations (Phillips and Lee 1979), the yield surface moves along
the direction of the stress resultant increment.
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As shown in Fig. 3, the center of the yield surface moves from Oy to Oy in the force space;
whereas, the stress resultant moves from the loading point to the matching point. If |; is a
component of the unit vector of the stress resultant increment, then the component of the unit
vector, v;, along the direction O,0,. can be readily obtained from trigonometry; that is,

_ ;L (Fs—F(Fi+ 5'01/2_0@ i=1-6 (33)

v, =
LLL(F, + 81)(F; + 81)]

where L = the distance between the points Oy and Oy ; o; = the coordinate of the center of the yield

surface in the force space, and Fg and Fy are the yield stresses of the bounding and yield surfaces,

respectively. If de; is defined as the motion of the center of the yield surface, then with the aid of
the consistency rule and Eq. (33), the following equations can be obtained:

_ A(dP/P,) +B(dV,/V,) +C(dV, /V,) +D(dM, /M) + E(dM,/M,0) + F(dM, /M)

|dof Av;+Bv,+Cvy+Dv,+Evst+Fyg (34
and
do; = |dofv;, i=1~6 (35)
where
A= g=92 c_90 _ 90 p_ 00 4p_ 00 (36)

oP’ VA VA oM, OM, oM,

3. Finite element formulation for beam element

Taking the shear deformation effect into consideration, a nonlinear finite element formulation for a
beam with four nodes is presented in this section. The same derivation procedures are applicable to
the 2-node and 3-node beam elements. In these formulations, six degrees of freedom in the global
coordinate system x, y and z, and six degrees of freedom in the local coordinate system r, s and t
for each node are depicted in Fig. 7.

KK (reference point)
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- ds

A
) / o~ duriV dio dr /
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/f'/)—? 1 —, dig dis
fis}ds\

t

r
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T s, 1)
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i y
x  (Global Coordinate System)

(x,5,2)
Fig. 7 Genera 4-node beam eement
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If v and 6, denote the displacement in the s-direction and the rotation about the t-axis, then the
displacement and rotation distributions along the r-direction can be expressed as:

N;d, + N,dg + N3dy, + N0y (37)

\Y

6; = N;dg + Nydy, + N3dyg + Nydyy (38)

where N; is the shape function and d; is the j;, degree of freedom. If a cubic interpolation function is
adopted aong the r-axis, the shape functions can be expressed as.

= B
-5 (-3)

where L is the length of the beam element.
The bending curvature about the t-axis, ¢, is given by:

26, dN dN dN dN
(S a_l‘t = 8_r1d6+8_r2d12+8_r3d18+8_r4d24
= BD, (43)
where
[Ny dN, dny oN,
Bt_[&r o or ar} (44)
D; = [dg, dip, dig, dpa]’ (45)

With the same procedure as described earlier, the bending curvature about the s-axis, ¢, is
obtained:

_ N dN,dN N
9s = o ° o % o or
= B,Ds (46)

dy7 ds

where

_ [dN; dN, dN; dN,
BS_[ o o or arJ 4
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Dg = [ds, dy3, dys, dzs]T
The displacement in the axial direction (r-axis), u, can be expressed as:
U = Nyd; + Npd; + N3dys + Nydyg

The axia drain, &, is obtained as:

Cu_ Ny Ny Ny N
&= o T r it 5t 5 bt 5 A
= B,D,

where

B, [8_N19_N29_Ns%}

Jar dr Jr or
D, = [dy, dy, dys, C|19]T

(48)

(49)

(50)

(51)

(52)

If ¢r represents the torsion curvature, the following formula can be acquired by assuming a

quadratic variation and complying with the previous procedures.

— a0Tor'sion — aNl aNZ aN3 aNA
0= "o T o et ot 5 det 50

= BTorsion DTorsion

where

_ [Ny N, Ny N
Brorson = [Qr o or 8r}

Drorsion = [da, dio, dse, dzz]T
If 1 represents the shear deformation in the s-direction, it can be obtained as:

oN oN oN oN
A(OI ar) _1 a_rzdS a3dl4 a4d20 NldG_de]_z_N3d18—N4d24

= BI’SDI’S

where
dN; dN, dN; dN,
Brs = l:_ ¢ 5 4

o o o or ~Nu =N =N _N“J

Dys = [dy, dg, g, Oop, dg, i, Oy, Aol

(53)

(54)

(55)

(56)

(57)

(58)

If w denotes the displacement in the t-direction, the shear deformation in the t-direction, ¥, can be
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obtained as:

ow\ oN ON ON ON
%= ‘(95_5) =—d;+ _2d9 + _3d15 + _4d21—Nlds—dell—N3d17—N4d23

o 2 o or or
= BnDn (59)
where
dN; dN, dN, dN
5= [ 5 5 G N N N ©
Dy = [dg, dg, dys, Oy, ds, Ay, Ay, sl (61)

By virtue of the virtua work, the stiffness matrix K,y for the beam element in the loca
coordinate system can be obtained as:

Kio = [;B'KepBdr (62)

where B is a 6 x 24 matrix assembled from the matrices B,, B, B, B,s, B¢, and B0, @nd given
by:

B = [Brs Brsa Brts BTors’om Bsa Bt]T (63)

Applying the matrix transformation, the global stiffness Kyona, @ 24 x 24 matrix for a beam
eement, is given by:

Kgiobal = RTKIocaIR (64)

where R is a transformation matrix associated with the local and global coordinate systems.

4. Properties of structures and dampers

This study considers a building with flexible ductile moment resisting frames in order to examine
the redlistic behavior of the structure mounted with TPEA devices, viscoelastic dampers, and
without dampers from minor earthquakes to severe ground motions. As shown in Fig. 8, a 10-story
building is given as an example to present the proposed concept. The eastic modulus and Poisson’s
ratio are 0.207 x 10' N/m? and 0.3, respectively. The yield stress is 250 x 10° N/m? for beams and
columns. The weight of each floor is 13.38 KN/m. In the analysis, it is assumed that each floor is
rigid in its own plan. The yield function for beams and columns is ¢ = (p—0,)*+ (M—04y)> = 1.0,

As shown in Figs. 4, 5 and 9, TPEA devices and VE dampers are chosen to ingtal at each story
by chevron braces, respectively. The analytic model of TPEA devices proposed by Tsai and Tsa
(1995) and the analytic model of VE dampers proposed by Tsai and Lee (1994) are adopted in the
analysis. The design methods of the structure equipped with TPEA devices and VE dampers are
refer to the parametric studies reported in Pong et al. (1994). The geometrica properties of the
TPEA element are listed in Table 1, where N = number of the tapered plate; T = plate thickness;
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Fig. 8 Ten-story building Fig. 9 Ten-story building equipped with energy-

absorbing devices

B and h = base width and height of the tapered plate, respectively. The yield stress for steel plates
in the TPEA devices is 295.8 x 10° N/m?. The geometrical properties of VE dampers are given in
Table 2, where t = thickness of layers of VE damper; Area = the cross-section area of VE damper.

The response of the structure with and without dampers was compared when the structure was
subjected to different peak ground accelerations from 0.1 g to 1.0 g of the El Centro earthquake
(1940 Imperial Valey Earthquake, El Centro record, Component NS). In this investigation, two
kinds of beam-column systems are presented in the anaysis. One is the linear beam-column system,
which adopts linear beam elements for the beams and columns of the structure. The other is the
nonlinear beam-column system, which adopts the nonlinear beam elements proposed in this study
for the beams and columns of the structure. The selected response parameters include: (1) the roof
displacement, which is the lateral displacement at the top relative to the ground; (2) the moment-
curvature relationship at 5th story beam-end, where plastic hinge occurred earlier than most of other
structural members; (3) the hysteresis loops of the passive device on the fifth story. We also identify
whether yielding of structural members occurs by observing force-displacement relationship at every
integration point of the nonlinear beam-column system. Besides, if the stresses of beams and
columns are beyond the dastic limit, the results will be different between the linear and nonlinear
beam-column systems. The finite element formulations for the nonlinear beam, the TPEA, and
viscoelastic dampers are installed in the NSAT computer program (Tsai 1996).
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Table 1 Properties of TPEA devices

Floor B (cm) T (cm) h (cm) N
1 11.32 2 13.97 5
2 9.09 2 13.97 5
3 8.08 2 13.97 5
4 9.23 2 13.97 4
5 8.40 2 13.97 4
6 9.26 2 13.97 3
7 10.77 2 15.24 3
8 9.31 2 15.24 3
9 7.82 2 15.24 3

10 7.46 2 15.24 3
Table 2 Properties of VE dampers
Floor t (cm) Area (cm?)
1 254 1354.84
2 254 812.90
3 254 812.90
4 254 812.90
5 254 812.90
6 254 812.90
7 254 812.90
8 254 812.90
9 254 812.90
10 254 812.90

5. Numerical results

The caculated natural frequency of the modal structure, as shown in Fig. 8, without added
dampers corresponding to the first mode of vibration is 0.733 Hz. The first modal frequencies of the
structure with TPEA devices and viscodlastic dampers are 1.176 Hz and 1.155 Hz, respectively.

Table 3 gives the maximum roof displacements of the structure with and without energy-
dissipation devices under different levels of the EI Centro earthquake ground motions. With the aid
of observing force-displacement relationship at every integration point of the nonlinear beam
element, it can be determined that the structure without dampers started yielding at about 0.3 g
PGA; the main structure of the building with added TPEA devices started yielding at about 0.8 g
PGA; the main structure of the building with added viscoelastic dampers started yielding at about
0.6 g PGA. Fig. 10 depicts the roof displacement envelops at top of the structures with and without
dampers subjected to different earthquake peak acceleration from 0.1 g to 1.0 g of the El Centro
earthquake ground motion. It can be seen that additional energy absorbers can effectively reduce
structural response during earthquake excitations. This figure also shows that once yielding occurs,
parts of main structural members offer hysteresis damping to dissipate seismic energy.
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Table 3 Comparisons of maximum roof displacements with and without dampers under scaled ElI Centro

earthquakes
Maximum Roof Displacement (mm)
. . . : Linear Nonlinear
Linear Nonlinear Linear Nonlinear
P((Sf Beam-Column Beam-Column  Beam-Column  Beam-Column Bsil.asrtnerg?rl l</rr|1£n BS;aSrtnerg?rl l§|/n|1£n
System System Sysem + TPEAs System + TPEAS Dampers Dampers
0.1 67.29 67.29 46.30 46.30 41.78 41.78
0.2 134.58 134.58 70.77 70.77 84.24 84.24
0.3 201.87 201.85 97.03 97.03 127.89 127.89
04 269.16 239.01 129.18 129.18 173.01 173.01
0.5 336.45 262.78 162.78 162.78 219.54 21954
0.6 403.74 270.91 198.56 198.56 267.24 267.12
0.7 471.03 308.09 23543 23543 315.68 313.54
0.8 538.32 352.39 272,95 273.13 364.39 350.92
0.9 605.61 397.42 310.62 309.77 412.97 374.04
1.0 672.90 442.41 349.27 338.47 461.08 411.19
800
—&— Linear Beam-Column system
700+ —¢— Nonlinear Beam-Column system
—A— Linear Beam-Column system + TPEAs >
__ 600 —~— Nonlinear Beam-Column system + TPEAs
E —e— Linear Beam-Column system + VE Dampers
:EJ 500 | —6— Nonlinear Beam-Column system + VE Dampers
g 400 -
E_ 300
[m]
200
100

0.0 01 02 03 04 05 06 07 08 09 10
PGA (9)

Fig. 10 Roof displacement envelops with and without dampers under different levels of El Centro earthquake

The comparison of the time-history response of the roof displacement for the bare structure
subjected to the EI Centro earthquake of 0.6 g PGA is shown in Fig. 11. The comparison of the
roof displacement for the structure equipped with TPEA devices and subjected to the ElI Centro
earthquake of 0.9 g PGA is shown in Fig. 12. The comparison of the roof displacement for the
structure equipped with viscoelastic dampers and subjected to the El Centro earthquake of 0.8 ¢
PGA is shown in Fig. 13. These figures show that the roof displacements of the linear and nonlinear
beam-column systems are distinguishable while the main structure is yielding. The moment-
curvature relationship at the fifth story beam-end for the bare structure subjected to the EI Centro
earthquake of 0.6 g PGA is shown in Fig. 14. The moment-curvature relationship at the fifth story
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Fig. 11 Comparison of roof displacement while bare structure is subjected to 0.6 g El Centro earthquake

400
300
—~ 200
£
€ 100 - /\ A /\ ‘
c s
g /\ /‘m A m /\ /\ i) o
; WY
©
o -100
2
2 200 - ‘
-300 + Linear Beam-Column System
————— Nonlinear Beam-Column System
-400 T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20
Time (sec)
Fig. 12 Comparison of roof displacement for structure equipped with TPEA devices is subjected to 0.9 g El
Centro earthquake
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Fig. 13 Comparison of

roof displacement for structure equipped with viscoelastic dampers is subjected to

0.8 g El Centro earthquake
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Fig. 14 Moment-curvature relationship at fifth story
beam-end of bare structure under 0.6 g El
Centro earthquake
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Fig. 16 Moment-curvature relationship at fifth story
beam-end of structure equipped with visco-

dagtic dampers under 0.8 g ElI Centro
earthquake

800
600
400
200

0

-200

Moment (KN-m)

-400 -

-600

-800 T T T T

-150  -100 -50 0 50 100 150
Curvature (10° rad)

Fig. 15 Moment-curvature relationship at fifth story
beam-end of structure equipped with TPEA
devices under 0.9 g El Centro Earthquake
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beam-end for the structure equipped with TPEA devices and subjected to the El Centro earthquake
of 0.9 g PGA is shown in Fig. 15. The moment-curvature relationship at the fifth story beam-end
for the structure equipped with viscoelastic dampers and subjected to the El Centro earthquake of
0.8 g PGA is shown in Fig. 16. These figures imply that some parts of the members in the main
structure have experienced inelastic deformations, and they can not to be detected by linear
assumption of the main gtructure. The hysteresis loop of the TPEA device at the fifth story for the
structure under the El Centro earthquake of 0.9 g PGA is shown in Fig. 17. The hysteresis loop of
viscoelastic damper at the fifth story the structure under the El Centro earthquake of 0.8 g PGA is
shown in Fig. 18. It could be found that once the behavior of the main structure is nonlinear, the
seismic responses of passive devices with linear beam elements would be insufficient.
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Fig. 19 Comparison of roof displacement while bare structure is subjected to 1.0 g El Centro earthquake
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Figs. 19-21 present the comparisons of time-history responses of the roof displacement for the
structure with and without dampers under the 1.0 g El Centro earthquake ground motions,
respectively. These figures illustrate that simulated results are extremely different for various cases
when the structure is subjected severe earthquake ground motions. The reason for this is that
seismic energy is dissipated through yielding of the main structura members on the nonlinear
beam-column system, and that the structural responses are improved a lot and much smaller than
those for the linear beam-column system because of large amount of plastic hinges occurs on the
beams of the main sructure. The moment-curvature relationships at the fifth beam-end of the
nonlinear beam-column systems with and without passive devices under the same earthquake
excitation are shown in Figs. 22-24. It can be observed that during strong earthquakes, the bare
structure without serious yielding of dampers may not be repaired after the strong earthquake
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Fig. 21 Comparison of roof displacement for structure equipped with viscoelastic dampers is subjected to
1.0 g El Centro earthquake
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Fig. 24 Moment-curvature relationship at fifth story beam-end of structure equipped with viscoelastic dampers
under 1.0 g El Centro earthquake
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because of extremely large inelastic deformations. With the added passive devices, ductility
demands on the members of the main structure can be substantially reduced. The hysteresis loops of
the TPEA device and viscoelastic damper at the fifth story for the structure subjected to the 1.0 g El
Centro earthquake are shown in Figs. 25 and 26, respectively. It can be seen that the simulated
results of passive devices between the linear and nonlinear beam-column systems are obviously
different. This indicates that the adoption of a linear beam-column system may not predict the
responses of passive devices accurately when the redistic behavior of beams and columns is
inelastic.
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6. Conclusions

In order to anayze the responses of structures subjected to complex, nonproportional, and cyclic
loadings, such as those resulting from strong ground motions, a precise nonlinear model is
necessary. This paper presents a generalized plagticity modd for predicting the behavior of structura
members under the combinations of six components of applied forces, including the axial force, two
transverse shear forces, two bending moments and the torsion. The nonlinear beam element
formulated in this study can be applied to smulate the plastic hinge locations and extended areas
and the damage of structures under strong seismic ground motions.

This study aso presents one example of a structure with or without passive devices under
different levels of earthquake ground motions. Numerical results revea that the consideration of the
nonlinearities in structural elements depends on the seismic intensities and the design hypothesis.
The behavior of the example structure with or without passive devices is remained in linear range
under minor earthquakes. Once earthquake intensity is larger, the adoption of nonlinear beam
elements becomes necessary. Nonlinear analyses can aso predict the damage style of a structure
with or without passive devices, and the weak parts of the structural members can be strengthened
in advance.
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