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Abstract. A semi-active control platform comprising the mechanical model of magnetorheological (MR)
dampers, the bang-bang control law and damage material models is developed, and the simulation method
of steel plate shear wall (SPSW) and optimization method for capacity design of MR dampers are proposed.
A 15-story steel frame-SPSW structure is analyzed to evaluate the seismic performance of nonlinear semi-
active controlled structures with optimal designed MR dampers, results indicate that the control platform and
simulation method are stable and fast, and the damage accumulation effects of uncontrolled structure are
largely reduced, and the seismic performance of controlled structures has been improved.

Keywords: steel plate shear wall; magnetorheological (MR) damper; control platform; nonlinear analysis;
seismic damage control,

1. Introduction

Controlling the damage process and failure mode, avoiding the global collapse, and increasing
the seismic safety of structures are of great significance to the casualties’ reduction and seismic
losses mitigation. Structural control has been proved to be an effective technique to improve the
seismic resistance of structures through energy dissipation by supplemental devices. During the
last several decades, semi-active control methods have been widely studied due to the
effectiveness, robustness and minimum operating requirements. Magnetorheological (MR)
dampers are typical semi-active devices and have lots of attractive characteristics for use in
structural vibration suppression, and several models have been developed for portraying the
dynamic behavior of MR dampers, such as neural network-based models (Wang and Liao 2005),
fuzzy logic-based models (Kim et al. 2008), the Bingham model (Lee and Wereley 2000), and the
most popularly used Bouc-Wen hysteresis model (Jansen and Dyke 2000).

A variety of semi-active control algorithms have been developed and proved to be effective and
stable, such as decentralized bang-bang control (Feng and Shinozuka 1990), modified linear
guadratic regulator (Johnson and Erkus 2007), clipped-optimal control (Dyke and Spencer 1996),
multi-step predictive control (Xu and Li 2008, 2011), and trust-region based instantaneous optimal
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semi-active control (Lin et al. 2008). These control algorithms are based on active control
algorithms which the optimal active control force should be calculated firstly, and semi-active
control laws are used to determine the command voltages of MR dampers to allow the damping
force approaching to the target. Most of the algorithms are suitable to the linear structural control
under small or medium earthquake motions, to consider the nonlinear properties of practical
structures, the third generation (Ohtori et al. 2004) of benchmark model was proposed and has
made some achievements (Yoshida and Dyke 2004, Wongprasert and Symans 2004) in the field of
nonlinear semi-active control strategy. Because of the strong uncertainty of the potential
earthquakes in future, even the controlled structure using MR dampers may experience damage
and collapse as well. In addition, the simplification of the finite element model of control systems
seems impossible to precisely predict the nonlinear responses of the practical structure.

In this paper, the semi-active control platform comprising the Bouc-Wen model of MR
dampers, the simple bang-bang semi-active control law and the steel damage material model is
developed, the simulation method of SPSW, the damage criteria of steel frame and the optimal
designed control force of MR dampers are proposed. Based on the data transferring between the
main program and the subroutines, a 15-story steel frame-SPSW structure is analyzed and
compared to verify the nonlinear seismic control effectiveness on the control platform.

2. Nonlinear control formulation
2.1. Control equation

The performance of the practical structures will degenerate during their service time, so all the
structures are time-varying nonlinear systems. Considering the n degree of freedoms structure with
r control devices, the basic control equation under excitations is,

MX(t)+CX(t)+KX(t)=EsP(t)+BsU(t) 1)

where M, C and K are nxn mass, damping and stiffness matrices, respectively; X, X and X are
n-dimensional displacement, velocity and acceleration vectors, respectively; P(t) and U(t) are

excitation and control force vectors, respectively; E; and B are nxn and nxr location matrices

of excitations and control forces, respectively. The control equation can be divided into the
controlled degrees of freedom and normal degrees of freedom and rewritten in the partitioned form
as follows,

MO Cal XL KO [R02000]
Mnc Mn Xn (t) Cnc Cn Xn (t) Knc Kn Xn (t) Pn (t)

where, the subscript ¢ and n represent the controlled and normal degree of freedoms, respectively;
M., C. and K, are rxr controlled mass, damping and stiffness matrices, respectively; M,, C, and
K, are (n-r)x(n-r) uncontrolled mass, damping and stiffness matrices, respectively; M¢, (Myc), Cen
(Cno) and K., (Ky) are the coupling mass, damping and stiffness matrices respectively; and the

displacements, velocities and accelerations are partitioned into two vectors according to the
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control device locations. In LS-DYNA program, all the elements of the coupling matrixes are 0, so
the control equation can be rewritten into r controlled equations and n-r normal equations of single
degree of freedom,

m X, (t) +C. X, (1) + kX (1) = p. () +u(t) 3)
m,X, () + ¢, %, (t) +k,x, (t) = p, () (4)

In the control platform, the control device is simulated by a virtual beam element and is
embedded into the global finite element model of the structure, so the direction and intensity of the
control force is adaptive with the structural deformation. In Eq. (3), u(t) is the control force getting
from the subroutines of semi-active controller and MR damper model. Using the central difference
method and omitting the subscript of variables, the expressions for velocity and acceleration at
time t are as follows,

X(t + At) — x(t — At)

X(t) = AT (%)
%(t) = x(t+At)—(2g(t()tz+x(t—At) ©)

Substituting these approximate expressions into the control Eg. (3), and assuming that the
system is linearly elastic over the duration At, that is,
x+A 2X([) +x(t—-A X(t+At)—x(t—-A
(L+A) -2X(O) + XA | XEHA)XE-AY o
(At)? 2At

p(t)+u(®) ()

Variables at time t and t-At in Eq. (7) are assumed known, transferring these known quantities
to the right side of equation, that is,

m C m om
Lm) 2At}x(t+m)—p<t)+u<t) {(AU ZAJ X(t—A ){ W}xa) ®)

or,
kx(t+At) = p(t) ©)
where K and p(t) are respectively given by,

m C

K=—F+—— (10)
(At)*  2At
And
m
p(t) = p(®)+u(t) - {(A) ZAJ X(t—A )—{ ot )}X(t) (11)

Variable x(t+At) can be determined from the equilibrium condition as,
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p®)
k

For the uncontrolled degree of freedoms, the main program solves it using the same method
except for calling the control platform.

X(t+At) =

(12)

2.2 Control platform

To implement the semi-active control strategy in general finite element software, the
transducers, the semi-active controller and the actuators should be developed into the subroutines,
and unobstructed contact with the main program besides has the advantages of fast computation,
numerical stable and high precise.

The control platform is shown in Fig. 1, a simple Bouc-Wen model (Jansen and Dyke 2000) is
used to portray the behavior of MR damper, and the parameters of this model are scaled up to have
maximum capacity of 1000 KN and same with that of Yoshida, ea al. (2004). Firstly, the finite
element model of structure is built through the pre-processor of the main program, and the material
models, element types, contact definition, boundary and loading conditions are all reasonably
defined, then the structural dynamic responses at time t are calculated, together with the state of
MR dampers are gathered by the transducers, which are transported to the subroutine of semi-
active controller to calculate the required voltages of each MR damper, and the command voltages
are applied to the subroutine of Bouc-Wen model to calculate the control forces exerted on the
structure, and the structural responses at time t+At are calculated. The control process is conducted
step by step, and finally, the results are analyzed and evaluated through the post-processor of the
main program.

Both the main program and the subroutines of LS-DYNA software are based on explicit
integration method which the mass and stiffness matrices are uncoupled, therefore, the active
control strategy based semi-active control method is unsuitable for this control platform. What’s
more, the practical structures experience degenerated performance during strong earthquakes, and
the controller designed by the initial stiffness matrix may lead the control process unstable and
divergent, so the simple bang-bang control law is employed in this platform as follows,

—>( Pre/Post processor )

—~————_T_—_"T—_"TY—__"T_—_","_—_—,—,—_,—— N\ Vs
| - - (. Elements )
VS Finite element / . \' LS-DYNA P N
| Excitations —> Dynamic resposes )¢-¢ - > Solver )
| 2 model Main program D ————
- e | ¥ ~>(_Boundary conditions )
—Nf Material models )
Control force Feedbacks R
—>( Semi-active control law )
= T e Y ~>( Bouc-Wen model )
| MR dampers |« y| Semi-active -9 LS-DYNA > MRD feedbacks )
I Command | controller : subroutines ~—
B J —»f Transducers D)

MNarmama ot
—>( Damage material model )

Fig. 1 The frame of semi-active control platform in LS-DYNA program
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13
F i xx<0 (13)

where F(t) is the control force produced by MR damper at time t; F| nax and Fy i, are the maximum
and minimum control forces that MR dampers can produce at this moment.

Fi e xx>0
FO =1

3. Damage criteria

The global damage index of structure can be defined as the weighted average value of the local
damage indices or the change of modal parameters, while the latter one cannot simulate the
locations and damage process of structure. The damage index of the jth floor of structure is defined

as,
Zé:ijdij
Y

D

(14)

where & and dij are the importance coefficient and the damage index of the ith category member

[
at the jth story, and the classification of structural components is based on the boundary condition,
member dimension and material properties.
Because of the series connection of each story, the global damage index of structure is defined
as the maximum damage index of stories,

D, =max{D,} (15)

The existence of damage will cause the modification of structural vibration modes (Salawu
1997), which are manifested as changes in the modal parameters, especially the natural
frequencies, which are significantly depended on the location and severity of damage. On the
contrary, if a constant damage is assigned artificially to the evaluated structural member one by
one, the changes of the modal parameters can reflect the importance of different members
contributing to the seismic capacity of the system. Here, it is assumed that one of the ith kinds of
members at the jth floor is totally damaged and make a stiffness reduction of AK and unchanged
mass matrix, so the frequencies of the original structure and damage assigned structure can be
solved by the characteristic equation.

The importance coefficient of the ith component at the jth floor is defined as,

Af
é:ij = zf—tk (16)

k

where Afijyk is the change of the kth frequency when one of the ith category of structural members

at the jth story has been eliminated, and f, is the kth frequency of the original structure without
damage.
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The damage index of beam element is averaged through all the sections of the fiber beam
element as depicted in Fig. 2, and the damage index of the ith column at the jth floor of structure is
given by,

d; = max{d; (17)

where d; is the averaged damage value of the sections in the eth element of the member, and the

damage index of each fiber is calculated through the Bonora (1997) damage material model using
fiber beam element approach. The plastic potential f, of the material model is defined as,

[/ y

3 .
f, =0, —k(K)—Ea..a.. —-o (18)

e}

where oy is the initial uniaxial yield stress, a.. is kinematic hardening saturation value; oeq is the
equivalent stress and is calculated by,

_[2(1 a9

—ao;)I”? (19)

where s;; and ai'j are the deviatoric component of stress and kinematic hardening tensor,
respectively. K is the isotropic hardening stress, and is defined through Osgood equation,

k(x) z%[l—eXp(—ﬂK)] (20)

where Ej is the isotropic hardening modulus, g is isotropic hardening parameter, which set =0 for
linear isotropic hardening, x is the isotropic hardening coefficient and is defined as the equivalent
accumulated plastic strain,

K=gp=jdgp (21)

The plastic strain components and the internal variables associated to k and ai'j can be derived
from f, by the normality rule,

S; .

of 1_q %
dep=da—o =394 1-d (22

ooy 21-d o,
da =C(l-d)dg] —£a da (23)
2a,
of

d1<=—dﬂ,a—kp=dﬂ=(1—d)d5p (24)

where C is the kinematic hardening modulus, and A is the plastic multiplier,
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2
de, = (gdgijpdgijp vz
The damage dissipation potential (Bonora 1997) is expressed as,

1, Y, S, ,(d —d)™
f = (—— 2 0 cr
d [2( SO) l—d] K(2+n)/n

The kinetic law of damage evolution is given by,

. 1/v
d=-d2 s e ¢ Tnyq _g)
O  In(g,—g,) o

1 K

943

(25)

(26)

(27)

where Y is the variable associated to damage, v and S, are material parameters, &, and ¢, are the

critical and threshold equivalent accumulated plastic strain, d., and d, are critical and initial

damage of the material corresponding to &, and &, , respectively.

The damage plastic steel model is applied to fiber beam element model, and a typical hysteretic
curve and corresponding damage evolution under fully reversed cycling are shown in Fig. 3 and 4,
respectively, the element failed after about 6 reversals at 20% cyclic strain (Pirondi et al. 2006),

and the material parameters are listed in Table 1.

Table 1 Material parameters

o Damage parameters Plastic parameters
arameters  — e do d p E(MPa) a.(MPa) C(MPa) 5
Value 0001 024 0065 0 02173 200 300 800 05

Fig. 2 The discretization of structural member
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Fig. 3 Hysteretic curve under fully reversed cycling Fig. 4 Damage evolution

4. Control force optimization

In the control systems, MR dampers provide additional energy dissipation capacity while
causing slight disturbance to the stiffness of the original structure, the optimization design of MR
dampers should consider both the capacity of devices and the demand of original structure. Li et al.
(2010) proposed a two-phase optimization process using genetic algorithms for optimal placement
of MR dampers for the nonlinear benchmark structure, and simulation results indicate that the
lower and upper stories will be the first choice for the location of dampers. Liu et al. (1997), Li et
al. (2002) and Lu et al. (2003) also investigated the optimal design of MR dampers. However, the
optimization methods are not feasible when structures experience strong nonlinear responses.
Considering the demand of the main structure and the capacity of supplemental devices, an index
combined with the importance coefficient, damage index and internal energy is proposed in this
paper to optimize the output force capacity of MR dampers at each story, and the capacity of MR
damper at the jth story is defined as,

F, =max{F™} (m=L1,2, .., M; n=1,2, ..., N) (28)

, _Ic,DIMEM"

- i 29
™ IC.DI™ E™ =

where n and m are the nth performance levels of the mth earthquake motion, DI™™ is the damage
index of the reference story of structure, F, is the control force of the reference story, which is
determined by the requirement of structure and the capacity of MR dampers. E;“” and E™ are the

mn
Ir

internal energy of the jth story and the reference story during the nth performance level of the mth
earthquake motion, respectively. IC; and IC,are the importance coefficient of the jth story and the
reference story.
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5. Numerical examples
5.1 Simulation of steel frame-SPSW structures

The analysis models (Foutch and Yun 2002) for steel column, beam and floor slab can be
classified as linear or nonlinear centerline models with or without panel zones. The linear model is
not suitable for forecasting the distribution of inelastic characteristics and damage properties, and
the nonlinear centerline model will underestimate the contribution of floor slab to the stiffness of
frame beams. Here, the steel frame is simulated by the fiber element model employing a Hughes-
Liu formulation, and the non-coincidence of neutral axis between the frame beam and the floor
slab is simulated by translating the slab bottom to the top flange of the steel beam, as shown in
Fig. 5(c), each structural member is discretized into a number of sections, and each section is
further divided into a number of fibers, as shown in Fig. 5 (b). The sections are located either at
the center of the element or at its Gaussian integration points, that the behavior of each fiber can
be tracked using a simple uniaxial material model allowing an easy and efficient implementation
of the inelastic behavior, and finite transverse shear strains of Hughes-Liu element formulation is
also retained comparing to the general fiber beam element, which gives a more reasonable
simulation results when shear effects are significant in the squat column.

A conventional SPSW comprises thin unstiffened steel plates and bounded components of steel
columns and beams as shown in Fig. 5 (a). There are three strategies to simulate the SPSW, i.e. the
shell element method which both the boundary components and the steel plates are simulated by
the shell elements, the mixture method which the boundary steel members are simulated by fiber
beam elements while the steel plates are simulated by shell elements, and the strip method
(Thorburn et al. 1983). The strip method has high accurate in simulating the hysteresis of SPSW5s
in plane force, but it cannot simulate the outside plane moment, the combination of shear and axial
force, and the forces interaction at the intersection of shear walls. In this paper, the mixture
method is used to simulate the SPSWSs, as shown in Fig. 5(d), the steel plate is divided into several
layers, and the strain and curvature of the neutral layer are firstly calculated, based on the plane-
section assumption of strain and the curvature of the other layers are decided, and the element

2[3]4]s]6]7[e[]eJufz
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<
Box steel column

=
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o
=]
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(a) Unstiffened steel plate shear wall (d) Layout of layered shell element model

Fig. 5 Schematic diagram of analytical finite element model of SPSW
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internal force is integrated through the element thickness corresponding to the material models of
each layer. For the layered shell element in LS-DYNA program, the shear strain can also be
simulated, and based on the central difference method the numerical converge problem is avoided.

5.2 Structural parameters

The analysis structure is 22.2x22.8 m in plan and 15 stories with 3.9 m high each in elevation
and its typical plan layout is shown in Fig. 6. The steel columns and beams are box shape and H
shape made of Q345 and Q235 steel, respectively. The dead load is 6.0kN/m? and the live load is
2.5kN/m? for each floor. The structural member sections are listed in Table 2 (Berman 2011).The
finite element model of the first story is shown in Fig. 7.

The Tianjin, El Centro, and Loma Prieta earthquake records listed in Table 3 are used as the
excitations. Five PGA levels of 0.3g, 0.5g, 0.7g, 1.0g and 1.2g are considered, and the damage
indices (DI) of the steel frame and internal energy (E) of the structure are normalized to the
reference story, together with the importance coefficients (IC), the optimal maximum control force
(F) of MR dampers at each story are listed in Table 4. MR dampers are located between the
columns as labeled in Fig. 6, there are 4 MR dampers in each framework and total 16 MR dampers
at each story.

Table 2 SPSW plate thicknesses and member sizes (mm)

Story SPSW Frame column Boundary column Beam
1 6.93 0400x37.1 0600%55.3 H363x257x22x13
2 6.93 0400%29.6 0600%55.0 H363x257x22x13
3 6.93 0400%25.6 0600%51.8 H363x257x22x13
4 6.56 0400%25.3 0600%41.4 H363x257x22x13
5 6.48 0400%24.5 0600%40.5 H363x257x22x13
6 6.48 0350%24.5 0500%40.5 H363x257x22x13
7 6.33 0350%23.7 0500%37.4 H363x257x22x13
8 4.85 0350%23.7 0500%37.4 H363x257x22x13
9 4.72 0350%20.0 0500%37.4 H363x257x22x13
10 4.39 0350%18.6 0500%37.4 H363x257x22x13
1 3.66 0300%x17.4 0400%37.4 H306x204x24x9
12 3.66 0300x14.2 0400%37.4 H306x204x24x9
13 2.70 0300%12.8 0400%30.6 H306x204x24x9
14 1.55 0300%10.5 0400%30.6 H306x204x24x9
15 1.50 0300x10.0 0400%18.2 H546x313%x22x14

Table 3 Earthquake excitations

Name Event Year  Duration(s) Station
TJ Tianjin 1976 12 Tianjin Hospital
El El Centro 1940 30 Imperial Valley Irrigation District substation

LP Loma Prieta 1989 24 APEEL 2-Redwood City
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Table 4 Maximum control force of MR damper at each story (kN)

Story 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
E 074 100 085 061 046 063 048 063 057 038 036 1.00 1.00 1.00 0.31
IC 010 010 0.10 0.09 0.09 0.09 0.07 0.07 0.07 0.06 0.05 0.05 0.04 0.02 0.01
DI 099 1.00 0.97 0.65 0.39 0.68 043 050 0.60 0.38 0.33 1.00 0.90 1.00 0.00
F 940 871 719 324 143 346 163 193 203 80 56 460 306 195 60

5.3 Dynamic responses

A performance comparison between the nonlinear semi-active control strategy and passive-off
(zero voltage) and passive-on (maximum voltage) method is shown in Fig.8, which shows the
relative displacement time history of 12th story due to PGA of 1.0g Tianjin earthquake. It can be
observed that the nonlinear semi-active control system with MR dampers are more effective than
the passive methods in reducing structural responses subjected to earthquakes.

The dynamic responses of the preliminary structure (uncontrol), and structure with optimal
designed force of MR dampers (nonlinear control) are analyzed due to the PGA of 0.5g, 0.7g, 1.0g
and 1.2g Loma Prieta, EI Centro and Tianjin earthquakes. The relative displacement envelop
curves of different structures in X and Y direction due to Loma Prieta earthquake are shown in Fig.
9, it is indicated that the relative displacements of structures with optimal designed MR dampers
are largely reduced, but because the serious weak links exist at the 12th story in X direction and
the 12th, 13th and 14th stories in Y direction of the preliminary structure, the deformation
concentration phenomena occur and increase with the intensities of earthquakes. For the structure
with optimal designed MR dampers, the deformation is more uniform than that of the uncontrolled
one, and the control force is more efficiently utilized.

The relative displacement time histories of the 12th story due to Loma Prieta earthquake are
shown in Fig. 10 and 11. It is indicated that the residual displacements occur at the 12th story in X
direction of the preliminary structure due to the PAG of 0.5g Loma Prieta earthquake, which
increase with the intensities of earthquakes and reach nearly 0.2m under the PGA of 1.2g Loma
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Prieta earthquake, but the residual displacements are largely reduced by the controlled structures.
From the displacement time histories of two structures, it is indicated that the peak responses have
been largely reduced by MR dampers, and the oscillation phenomena are decreased during the

whole time.
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The acceleration responses at the top floor of the preliminary structure, the nonlinear semi-
active controlled structure, and the passive-on and passive-off controlled structures due to PGA of
1.0g Tianjin earthquake are shown in Fig.12 and the peak acceleration values of each story are
shown in Fig. 13. It is shown that the acceleration responses of uncontrolled structures have a little
increase in some stories because the sample bang-bang control law is used in this control platform
and MR dampers are simulated by the virtual beam elements and installed between the beams and
columns of structure like bracing members, and the stiffness of preliminary structure has been
increased. Comparison with the passive control systems indicate that the acceleration responses of
both two passive controlled structures are larger than that of the nonlinear semi-active controlled
structure, and the nonlinear semi-active control system has a better performance, as shown in Fig. 13.
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5.4 Damage analysis

The steel frame columns and the boundary columns of SPSW are classified into 8 categories as
shown in Fig. 6, the global damage process of different structures due to the PGA of 0.5g, 0.7g,
1.0g and 1.2g Loma Prieta earthquakes are shown in Fig. 14 and 15, respectively. It is indicated
that the damage drifts at the peak acceleration point and increases very slowly at the other times,
and the boundary columns have larger damage than that of the steel frame columns at the same
story, and the damage of structure with MR dampers is much smaller than that of the uncontrolled
one. The global damage of the preliminary structure is controlled by the 12th story, while that of
the controlled structures is controlled by the 3rd story due to PGA of 0.5g and 0.7g Loma Prieta
earthquakes, which indicates that the MR dampers can strengthen the weak links, such as weak
stories or weak position or weak components of structure, and redistribute the seismic performance
of structure.

The IDA curves of the global damage indices of the preliminary structure, and structure with
optimal designed MR dampers due to the increasing PGA of Loma Prieta, Tianjin and EI Centro
earthquakes are shown in Fig. 16, and the damage distribution at the odd stories of the steel frame
is shown in Fig. 17. From Fig. 16, it is indicated that the control effectiveness of global damage
increases with the earthquake intensities, and the structures are more damageable under Loma
Prieta earthquakes. From the tendency of the IDA curves, it is obvious to find two turning points at
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the PGA of 0.5g and 0.7g, respectively, the first one is formed because the structure steps into
nonlinear response stage, and the second one reflects that the seismic performance of the SPSW5s
structure has been increased under strong earthquakes, the reason is that more obvious tension
strips of the SPSWs are aroused by the strong earthquakes, which will balance parts of the bending
moments produced by the shear force and increase the stiffness and strength of structure, therefore,
the global seismic performance has been increased. From Fig. 17, it is indicated that the damage
trend is similar for different stories, i.e. the damage drifts at the peak point of acceleration, and is
stable at other times. The damage of controlled structure is much smaller than that of uncontrolled
one, and the damage of the preliminary structure is concentrated on the 11th story (the 12th story
is not depicted in this figure), while the controlled structures have a much wider damage
distribution.

6. Conclusions

A semi-active control platform comprising the Bouc-Wen model of MR damper, the simple
bang-bang semi-active control law, and the steel damage material model is developed in LS-
DYNA program. During the simulation, the main structure is simulated by the general finite
element program and each MR damper is simulated by a virtual beam element, based on the data
transferring between the main program and the control platform, it can realize the purpose of
integrated modeling, analysis and design of the nonlinear semi-active control system. The
numerical simulation method of SPSW, the damage criteria of steel frame and the optimal
designed control force of MR dampers at each story are also proposed. The seismic control
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effectiveness is verified by the numerical example of a 15-story steel frame-SPSW structure,
which indicates that the control platform and the numerical method are stable and fast, the relative
displacement, shear force, and damage of the structure are largely reduced using optimal designed
MR dampers, and the formation of tension strips of SPSWs is also delayed and mitigated
significantly. However, because of the limit capacity of MR dampers, the control effectiveness
decreases after a certain intensity of earthquake actions, and the residual displacement cannot be
eliminated completely as well.
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