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Abstract: To analyze the multidimensional elastic—plastic response of the frame structure with mag-
netorheological (MR) dampers under strong seismic excitations, the test of the MRD was performed,
the location matrix of the MRD in the frame structure was derived, and the multidimensional elastic—
plastic calculation models of the frame structure with and without an MRD were established based
on the three-segment variable stiffness beam. Taking a five-story reinforced concrete (RC) frame
structure as an example, the multidimensional elastic—plastic calculation models were developed
by MATLAB software and the dynamic time history analyses were performed under strong seismic
excitations. The results show that under the seismic wave, after the MRD is installed in the structure,
the maximum horizontal displacements of the top-story node of the structure in X and Y directions is
reduced by 51.87% and 39.59%, respectively, and the maximum horizontal accelerations are reduced
by 36.67% and 47.86%. The maximum displacements and the story drift ratios of each story of the
structure are significantly reduced, and the reduction in the maximum accelerations of each story is
small relatively. In the frame structure without an MRD, plastic hinges appear at the ends of most
columns, and the structure is characterized by a column hinge yield mechanism. The maximum
residual displacement angles of the column end in X and Y directions which reach 1.628 x 102 rad
and 2.101 x 103 rad, respectively. After setting the MRD, the number of plastic hinges in X and Y
directions at the column end are both reduced by 37.5%, and the residual displacement angle at some
column ends are reduced to 0. The results show that the complied calculation model programs of the
frame structure can effectively simulate the multi-dimensional seismic response of the structure with
and without MRD.

Keywords: magnetorheological damper; reinforced concrete frame; three-section variable stiffness;
multidimensional elastic—plastic; time history analysis

1. Introduction

A magnetorheological damper (MRD), as a kind of damping control device with
an adjustable damping force, has the advantages of a simple structure, large output,
continuously adjustable damping force, and a good control effect [1-3], so it can effectively
improve the seismic performance of the structure [4]. As one of the important factors
affecting the effect of the structural vibration control [5], the mechanical properties of the
MRD should be fully studied by the experiments [6,7].

Over the past twenty years, the variation in the mechanical properties of the MR
damper with the current, velocity, displacement amplitude, and the frequency has been
comprehensively studied. Xu et al. [8] designed and manufactured a five-stage coil
shear valve mode MRD, whose damping force and energy dissipation effect increased
significantly with the increase in the current, and the maximum output could reach
260 kN. Zemp et al. [9] designed and manufactured a long-axis MRD with a working
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course of up to 1 m, and conducted corresponding mechanical property tests, with a max-
imum output of up to 280 kN. Zhang et al. [10] designed and manufactured a five-stage
coil shear valve MRD with an output up to 478 kN and conducted tests on its mechanical
properties. Jiang et al. [11] designed a novel MRD with selectable performance parameters
to improve the environmental adaptability of the vibration systems equipped with such a
damper and to provide a new idea for the design of an MRD.

For the field of the vibration control of the engineering structure, using an MRD to
control the structure is one of the important contents. Raju et al. [12] proved that the
scissors jack-MR damper can effectively reduce the displacement response of the steel
frame bending moment frame model’s structure and improve the seismic performance
of the structure. Cruze et al. [13] proved that an MRD can reduce the seismic response
of reinforced concrete (RC) frame structures under moderate and strong earthquakes.
Rakshita et al. [14] conducted a hybrid simulation analysis of the seismic response in a
single-story frame with MRDs by using the OpenSees software, and the test results show
that the MRD can effectively control the displacement and acceleration response of the
frame structures. Chae et al. [15] conducted a real-time hybrid simulation test on the
three-story steel frame structure with MRDs and confirmed that the MRD can better control
the displacement and acceleration response of the frame structure. Aggumus et al. [16]
investigated the effect of the MRD on reducing the vibration amplitude of structures though
a test; the results show that the MRD can effectively reduce the vibration of a six-story
steel structure, and the MRD arrangement in which the one end is connected to the ground
can reduce the vibration amplitudes. The experimental research on the structure with
MRD can truly reflect the damping effect of the structure, with accurate results and a
high reliability, but the experimental research cycle is long, the cost is high, and the test
conditions are limited.

Establishing the calculation model of building structures with MRD and carrying out a
numerical simulation is an economical and effective means to study its seismic performance.
At present, the RC building structure with an MRD is mainly simplified into an elastic
story model [17,18], elastic—plastic story model [19], and plane elastic-plastic beam—column
element model [20]. The layer model and plane model can reflect the impact of the MRD on
the seismic performance of the structure to a certain extent, and the calculation efficiency is
high, but the layer model and plane model cannot reflect the multi-dimensional seismic
performance of a spatial structure. Hence, Zhao et al. [21] established the spatial elastic
beam system model of the RC frame’s structure with an MRD by using the MATLAB
programming method, and studied the multi-dimensional damping control effect of the
MRD on the structure, but the model did not consider the stiffness degradation caused
by structural damage under a strong earthquake. Xu et al. [22] simplified the RC frame
with an MRD as a spatial elastic—plastic beam system model, but the model ignored the
influence of the slab, and the research results were not closely related to the elastic—plastic
response of the structure. Xu et al. [23,24] analyzed the seismic performance of the nonlinear
steel frame structure with an MRD by using LS-DYNA software. In the aspect of multi-
dimensional vibration reduction [25-27] and the establishment of the dampers’ calculation
model [28-30], many scholars have done relevant research in recent years, but not many
have conducted research related to the MRD. Recently, You et al. [31] established the model
of an L-shaped frame structure with MRDs, and studied its multi-dimensional seismic
performance and torsional vibration characteristics, but they did not study the effect of
the MRD on the hysteretic behavior and yield mechanism of the structures under seismic
excitation. To sum up, although many innovative simulation studies have been carried
out on the seismic response of frame structures with an MRD, there are still few studies
on the multi-dimensional elastic—plastic calculation model and the multi-dimensional
elastic—plastic seismic performance of an RC frame structures with an MRD; especially,
the influence of the MRD on the cracking, yield, hysteretic behavior, and structural yield
mechanism of concrete beams and columns in spatial structures is not completely clear.
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In this paper, the position matrix of the MRD was derived at first. Then, a multi-
dimensional elastic—plastic calculation model of the MRDs frame structure was established
based on the three-fold linear stiffness retrograde model. Finally, a multi-dimensional
elastic-plastic model program of a five-story RC frame with an MRD was developed using
MATLAB software, and the dynamic time history analysis was carried out under a strong
earthquake. The purposes of the study are summarized as (1) to provide a numerical
analysis method for the multi-dimensional elastoplastic dynamic time history analysis
of the MRD frame structure; (2) to study the multi-dimensional elastic—plastic seismic
performance and the damping effect of the MRD frame structure; and (3) to study the
effects of the MRD on the cracking, yield, hysteretic behavior of the beam and column
members, and the structural yield mechanism.

2. Elastic—Plastic Calculation Model of the RC Frame Structure
2.1. Three-Fold Line Model Considering Stiffness Degradation

For RC building structures, the three-fold linear stiffness degradation model can
reflect the stress process of RC beam and column members [32]. The model considers that:
(1) when reloading after the previous cycle, the reduction in the stiffness is related to the
loading history, and the loading path points to the maximum deformation point of all the
previous cycles; (2) the unloading stiffness after the yielding is equal to the secant stiffness
at the yield point. Therefore, the three-fold linear stiffness degradation model is selected as
the restoring force model of the elastic—plastic region of the beam in this paper, as shown
in Figure 1.

’ /l /' 4 - Y e
R <l P T'm -M,, Skeletop curve
/ At N P » Unloading path
/,/’/,,,/,/f::,/ ‘ 5 ””””””” -M, ----- » Reverse loading path
P Reloading path
124776(11)

(6, M,

Figure 1. Three-fold linear stiffness retrograde model of RC beam—column element.

The model shown in Figure 1 consists of a skeleton curve and hysteretic path. The
skeleton curve is divided into the elastic segment, elastic—plastic segment, and plastic
segment. The hysteretic path of each segment is as follows:

(1) Hysteresis path of elastic segment

Segments 0—1 and 0—1" are the elastic segment of the skeleton curve, and the initial
stiffness is K;. Point 0 is the starting point, and points 1 and 1" are the cracking points. For
the elastic stage, the maximum deformation point of all the previous cycles does not exceed
the cracking point; the loading and unloading path will go straight up or down with the
initial stiffness Kj.

(2) Hysteresis path of elastic—plastic segment

Segments 1—2 and 1’—>5 are the elastic—plastic segment of the skeleton curve, and
the stiffness is K. Points 2 and 5 are the yield points. For the elastic-plastic stage, the
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maximum deformation point of all the previous cycles does not exceed the yield point and
is not lower than the cracking point; the loading path will go straight up with the stiffness
Kj to the yielding point, and the unloading path will go straight down to the initial point 0.
After the unloading path crosses the initial point 0, the model enters the reverse loading
phase, and the reverse loading path points to the maximum deformation point of all the
previous cycles. If reloading occurs before the unloading path reaches the initial point 0,
the reloading path will follow the unloading path.

(3) Hysteresis path of plastic segment

Segments 2—3 and 5—6 are the plastic sections of the skeleton curve, and the stiffness
is K3. For the plastic stage, the maximum deformation point of all the previous cycles is not
lower than the yield point, the loading path will go straight up with stiffness K3, and for
the unloading path, for example, the 3—4 segment or 6—7 segment, will go straight down
with the secant stiffness Ky at the yield point. After the unloading path crosses the residual
deformation point (such as points 4 and 7), the model enters the reverse loading phase,
and the reverse loading path points to the maximum deformation point of all previous
cycles, such as 4—5 segment or 7—8 segment. If reloading occurs before the unloading
path reaches the residual deformation point, the reloading path will point to the maximum
deformation point of all previous cycles, such as the 15—16 segment or 19—20 segment.

The cracking moment M., the angular displacement corresponding to the cracking
moment 6, the yield moment M, the angular displacement corresponding to the yield
moment 60, and the yield point cut stiffness reduction coefficient «,, of each RC beam and
column are determined by the Chinese code for design of concrete structures (GB50010-2010)
and the structural reinforcement diagram.

2.2. Elastic—Plastic Stiffness Matrix of the Variable Stiffness Space Beam Element

The three-segment variable stiffness beam element consists of two types of regions:
the linear elastic region in the middle and the fixed length elastic—plastic region at both
ends, as shown in Figure 2. Assuming that the RC beam and column is a straight member
with an equal section, the section deformation of the member meets the plane section
assumption, the member only has a bending failure, and the plastic hinge only appears
in the elastic—plastic area at both ends, ignoring the influence of the shear deformation of
the member. The length [, of the elastic—plastic at both ends of the member can be given
as follows [33]:

lp = 0.014d, fy + 0.12] 1)

where d}, is the diameter of the tensile longitudinal reinforcement, f is the yield strength of
the reinforcement, and [ is the length of the member.
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Figure 2. Three-segment variable stiffness model of the RC beam and column member.
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The elastic—plastic stiffness matrix of the space beam element is given as follows [34]:

kq 0 0 0 0 0 -k O 0 0 0 0
0 ko 0 0 0 ky 0 -k O 0 0 ke
0 0 ks 0 —ks O 0 0 —ks 0 —k7 0
0 0 0 k14 0 0 0 0 0 —kig O 0
0 0 —ks 0 kg 0 0 0 ks 0 k1o 0
o — 0 k4 0 0 0 ko 0 —kgy O 0 0 k11 o)
¢ -k 0 0 0 0 0 k1 0 0 0 0 0
0 -k O 0 0 —kgy O ko 0 0 0 —ke
0 0 —k3 0 ks 0 0 0 k3 0 k7 0
0 0 0 —kua O 0 0 0 0 k14 0 0
0 0 —k7 0 k1o 0 0 0 k7 0 k1o 0
| 0 ke 0 0 0 k11 0 —ke¢ O 0 0 kiz |
The elements within the elastic—plastic stiffness matrix are shown below:
ki — EA ko — 2(‘112 +ax; + b1z>b22 ks — Z(aly +azy + bly)b2y ke — (2112,2 + b12) b2,
1= —,K = SK3 = Ky =,
l 12 12 12
ks = — (2a2y ﬂ;zbly)bzy, ke — (2a1; J;2blz)b22’ k= (2a1y ngbly)lhy, ks = 2asbay ko = 2a5:by.

G
k1o = biybay, k11 = b1zbaz, k1o = 2a1byy, ki3 = 241,022, k14 = T]

in which:

a, = p2eg® — p12(1— @)% + prz + 1,02 = prag® — poz(1—q)° + poz + 1
a1y = payd® — pry(1—9)> + piy + 1azy = pryq® — pay(1 —q)° + pay + 1
6ky
b1z = (p2z + p12)4° (3 — 2q) + Lb: = Troan] 1 IZ_ 27 by = (p2y + Py) (3 —2q) +1,
22z — by,

l

6koy ko 1y
7

byy = ———— =
2y dayyay,l — b%yl

ko- koy koy
, = — 1, = — 1, = — 1, = — 1,
P12 klz P2 kZZ ply kly sz ka 1

E is the elastic modulus of the concrete, A is the cross-sectional area of the beam and
column member, G is the shear modulus, | is the torsional inertia moment, and k;, and
kiy (i =0, 1, 2) are the cross-sectional bending stiffness in Figure 1, as determined by the
M-0 relation in Figure 1. There are six force components and six displacement vectors at
each end of the beam and column member, including three axial forces (N, Vy, and V)
along the x-axis, y-axis, and z-axis directions and three bending moments (Mx, My, and M)
around x-axis, y-axis, and z-axis directions. The displacement vector consists of three axial
displacements (1, v, and w) along the x, y, and z axes and three angular displacements
(0x, By, and 0z) around the x, y, and z axes, as seen in Figure 2.

The mass matrix of the beam and column member and the spatial shell element used in
the RC frame’s structure are consistent with the literature [21] and will not be repeated here.

3. Differential Equation of Motion of the RC Structure with MRD
3.1. Test Results of MRD

The MRD to be used in the RC frame’s structure was made by ourselves and is the
same as the MRD used in reference [31]; its mechanical property tests were carried out
with the current of 0 A to 0.28 A at the interval of 0.14 A. The schematic diagram of the
test loading equipment is shown schematically in Figure 3. As is shown in Figure 3, the
test device was mainly composed of a fatigue testing machine and regulated DC power
supply. Before the test, the position of the vertical centerline of the loading head of the
actuator shall be consistent with that of the piston rod of the MRD, and then the loading
head of the actuator and the damper should be connected through a spherical bowl seat,
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high strength bolt, and spherical cover plate. The other end of the damper was connected
with the base through the three steel pipes and the high strength bolt, and the base is fixed
by the anchor screw. The test data are automatically recorded on the computer console
through the external digital acquisition device.

[] []
MTS

Actuator

=
>
|—Wirc —I_|-

DC power Base Computer controller
supply and data collector

Figure 3. Schematic diagram of test loading equipment.

The mechanical performance fluctuation with displacement is depicted in Figure 4. It
can be seen from Figure 4 that the mechanical performance fluctuation of the MRD with
the current. When the current was small, the damping force provided by the MRD was also
small. As the current increased, so did the damping force. It can be seen from Figure 4a,
when the current was 0 A, that the maximum damping force of the MRD was around
5.3 kN; when the current reached 0.14 A and 0.28 A, the maximum damping forces of the
MRD are around 60 kN and 120 kN, respectively, as shown in Figure 4b,c.

A — 150
o0 100
3 3 20 g 0
= I~ =
2 S 9 & 0
o0 on on
g E_20 g r
= = =50
< <s—40 <
A A A
- -60 -100
-6 ' : : -80 ' : ' : ' -150 ' : : : '
-45 =30 -15 30 45 -45 =30 =15 0 15 30 45 -45 =30 =15 0 15 30 45
Displacement (mm) Displacement (mm) Displacement (mm)

(a)

(b) (c)

Figure 4. Damping force-displacement hysteresis loops of MRD at different current. (a) Current 0A;
(b) current 0.14A; (c) current 0.28A.
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3.2. Equilibrium Equation of the RC Structure

Under the action of the earthquake, the set of second-order nonlinear ordinary differ-
ential equations of an RC frame structure with MRDs can be expressed as follows [10]

Mii + Cit + Ku = —MI¥y — HF €)

where M, C, and K are the mass matrix, the damping matrix, and the stiffness matrix of
the frame structure, respectively; u is the displacement column vector of the controlled
structure; kg is the seismic acceleration; I is the unit column vector; F is the control force
column vector of the MRD that can be efficiently simulated by adopting analytical hysteresis
models [35-37]; and H is the location matrix of the MRD.
C is the Rayleigh damping matrix as Equation (4) and «; and a; are the two
constants [38].
C=ua1M+ arK 4)

where &1 and «; are the two constants and can be expressed as

oy = 21@(w2 —Gwr) | 2(Gwr — Gw) 5)
. S S

where w1 and wy are the first and second order natural vibration frequencies of the structure
(circular frequency), respectively, and {; and (, are the damping ratios of the first and
second order frequencies of the structure, respectively.

Using the Wilson-68 method, the dynamic responses of the structure with and without
the MRD can be calculated step by step. However, if one wants to carry out nonlinear
dynamic analyses without performing iterations and by maintaining a very high level of
accuracy, more recent methods can be adopted [39,40].

3.3. Semi-Active Control Algorithm

At present, the optimal control force imposed on RC structures by the MRD is mainly
solved by the linear quadratic regulator (LQR) control algorithm [41]. As can be seen from
Section 3.1, the damping force provided by our homemade MRD ranges from 3.1 to 120 kIN.
Because the MRD of the real-time control can effectively trace the required damping force,
except the force beyond the range of damping force [42—44]. Thus, the same semi-active
control strategy as in reference [34] is adopted in this paper.

3.4. MRD Location Matrix

The schematic installation diagram of the MRD in the structure is shown in Figure 5.
The relationships between the damping force of the MRD and the force on the correspond-
ing node of the structure are as follows:

Fiy = Fx = F
Fpx = Fgx = —F; (6)
F, = —F. = —2Fh/d

The location matrix H is used to distribute the control force vector F of the MRD to
the corresponding nodes of the structure, whose dimension is n x m, in which n is the
amount of the structural degrees of freedom (DOFs), and m is the amount of herring-
bone supports. There are six DOFs at each node of the space frame structure, including
three axial displacements along the X, y, and z directions, and three angular displace-
ments around the X, y, and z axes, which are consistent with the literature [21]. Therefore,
for the MRDs on the ith chevron support shown in Figure 5, the elements which cor-
respond to nodes j and k in the location matrix H are: H(6j —5,i) = H(6k —5,i) = 1
and H(6j — 3,i) = —H(6k — 3,i) = —2h/d, and the elements which correspond to nodes
p and g in the location matrix H are: H(6p — 5,i) = H(6q — 5,i) = —1. While the others
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without a damping force are all equal to zero. For example, the location matrix H for the
MRD:s in Figure 5 can be expressed as:

[ 1 1 6j—5

0 6] —4

—2h/d 6] —3

1 6k —5

H= 0 6k — 4 @

—2h/d 6k —3

1 6p—5

| 1 ] 6g—5

k—|—!£>

TZFZ- h/d

Figure 5. The schematic diagram of damping force distribution.

4. Case Analysis
4.1. The RC Frame Structure with and without MRD

This paper takes the five-story RC frame structure as an example, and the floor height
of the structure is 3.6 m. The concrete strength grade is C35, and the thickness of each
floor of the structure is 0.12 m. The seismic fortification intensity of the structure is eight
(0.2 g), the site category is a class III area, and the design seismic group is the first group.
The three-dimensional size of the RC frame’s structure with and without MRDs is shown
in Figure 6. The maximum inter-story displacement of the frame structure under the
action of a strong earthquake occurs at the second floor [21,34], therefore, the MRDs
were arranged on the second floor to exert the effect of an MRD energy dissipation and
shock absorption as much as possible. The cross-sectional dimensions of the columns
are all 0.5 m x 0.5 m; the cross-sectional dimensions of the X and Y directional beam are
all 0.25m x 0.6 m and 0.25 m x 0.5 m, respectively. The section reinforcement of the RC
beams and columns are shown in Figure 7, in which the longitudinal reinforcement of the
beams and columns is the HRB400 deformed reinforcement; the stirrup is the HRB335
ordinary round reinforcement.
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Figure 6. Three-dimensional diagram of the RC frame structure with and without an MRD (unit: m).
(a) Without MRDs; (b) with MRDs.
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Figure 7. Reinforcement of the beams and columns (unit: mm). (a) Column; (b) X directional beam;
() Y directional beam.
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4.2. Introduction of Dynamic Time History Analysis Process

Based on the conditions and methods mentioned above, this paper used MATLAB
to program the elastic—plastic time history analysis program of the RC frame’s structure
with and without an MRD. The program calculation flowchart is shown in Figure 8. The
following assumptions are adopted in programming: (1) ignoring the influence of the
second moment caused by a structural deformation; (2) ignoring the influence of the
tangential relative displacement at both ends of the member on the bending moment
and the rotation angle of the member; (3) ignoring the effect of the diagonal bracing
on the mass of the structure; and (4) assume that the lower end of the bottom column
is consolidated.

| Start |

L]

Inputting information of the structure and seismic wave

!

Calculating cracking moment, yield moment and secant stiffness
Calculating stiffness matrix, mass matrix and damp matrix
Assigning the initial state of the structure
Load step = 1

|

With MRD ?

Yes ¢
No Calculating the control force of MRD by LQR control algorithm

A/ +

T : -

o Whether the beam or column is cracked or yielding ?

N

ft Yes ¢

§* No Recalculating stiffness matrix and damping matrix
n

Y ¢

Solving the differential equation, obtaining the responses of each node,
calculating internal force and deformation of the beam or columm

Yes - ¢
Step <X Seismic wave step ?

I o

| Outputting results and drawing graphics

Figure 8. Calculation flowchart of elastic—plastic time history analysis program.

4.3. Verification of Model Validity

Due to the disadvantages of the long period and high cost of experimental simulation,
a numerical simulation method was adopted in this paper to verify the effectiveness of an
elastic—plastic time history analysis program by using MATLAB. By using ANSYS software,
the finite element model of the structure was built, in which the BEAM188 element and
SHELL181 element were used to simulate the beam, column, and floor slab, respectively.
All the beams and columns in the ANSYS model were divided into four units, and all the
floor slabs were divided into 4 X 4 units. In addition, the geometry, density, and material
property in the ANSYS model were the same as that in the MATLAB program. Then, the
modal analysis was conducted, and the calculated natural frequencies were listed in Table 1,
in which the maximum error was only 1.59%. It shows the validity and accuracy of the
elastic—plastic history analysis program for the RC frame’s structure.
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Table 1. Comparison of structural natural frequencies.

Natural Frequencies Ist 2nd 3rd 4th 5th 6th 7th 8th 9th 10th

ANSYS 0.759 0.823 0.896 2.371 2.559 2.777 4.322 4.441 4.940 6.352

MATLAB 0.749 0.810 0.881 2.348 2.524 2.749 4.255 4.487 4.877 6.315
Relative error (%) 1.29 1.59 0.95 0.97 1.36 1.00 1.54 -1.03 1.28 0.58

4.4. Analysis of Structural Damping Results

The elastic—plastic analysis of the seismic response of the RC frame’s structure
was carried out by using the MATLAB self-made program. According to the Chinese
code for design of concrete structures (GB50010-2010) and the assumptions of the site type
and design seismic grouping in Section 4.1, two seismic waves, the El-Centro wave
(NS component) and Tangshan wave (NS component), were selected. The seismic
duration was 20 s, the peak acceleration of the two seismic waves was set to 400 cm/ s2,
and the ratio of the two-way seismic wave peak acceleration was X:Y = 1:0.85. The
damping ratios {1 and {; in Equation (5) were set to 0.05 according to the Chinese
code for design of concrete structures (GB50010-2010). The Wilson-6 method was used to
solve the differential equations of the structure and took 0 = 1.40. The weight matrix
coefficients &« = 20 and =7 x 107° in the LQR control algorithm were determined by a
trial calculation.

4.4.1. Comparative Analysis of Multi-Dimensional Damping Results

The displacement time history results of the node 24 of the RC frame’s structure with
and without an MRD under the action of the El-Centro wave and Tangshan wave are
shown in Figure 9. As can be seen from Figure 9, the X and Y directions” displacement time
history curves of the node 24 of the structure without an MRD are offset, the reason is that
some members in the structure enter the yield stage and have a residual deformation. After
setting the MRD in the structure, the residual deformation is greatly reduced, and the offset
of the displacement time history curve is reduced.

Figure 9a,b shows that under the action of the El-Centro wave and Tangshan wave,
the horizontal bidirectional displacement response of the node 24 in the structure with an
MRD was reduced compared with the structure without an MRD. Figure 9a shows that,
under the action of an El-Centro wave, the X and Y directional maximum displacements
of the top node in the RC structure were 76.66 mm and 74.44 mm, respectively, after
setting the MRD in the structure; the X and Y directional maximum displacements of
the top node in the RC structure were 52.42 mm and 50.79 mm, which were reduced
by 31.63% and 31.76%, respectively. Under the action of the Tangshan wave shown
in Figure 9b, the X and Y directional maximum displacements of the node 24 in the
RC structure were 109.40 mm and 92.53 mm, respectively. After setting the MRD
in the structure, the X and Y directional maximum displacements of the node 24 in
the RC structure were 52.65 mm and 55.91 mm, which were reduced by 51.87% and
39.59%, respectively.

The acceleration time history results of the node 24 of the RC frame’s structure without
an MRD and with an MRD under the action of the El-Centro wave and Tangshan wave are
shown in Figure 10. As can be seen from Figure 10, the X and Y directional acceleration
time-history curves of the node 24 do not deviate. In addition, under the action of the
El-Centro wave and Tangshan wave, the horizontal bidirectional acceleration response of
the node 24 of the structure with an MRD is reduced compared with the structure without
an MRD, but the effect is not as obvious as the MRD in reducing the displacement response
of the structure.



Actuators 2022, 11, 362

12 of 20

100 T T

wn
S

X directional displacement /mm
=)

Without MR Ds |

=50t 52.42
With MRDs

¢ 76.66

~100 : 1 l

0 5 10 15 20
Time /s
(a
160 T T T
~~~~~~~~~~~~~ Without MR Ds
? 109.40

o
(=}

X directional displacement /mm
=

—_sol 52.65
With MR Ds
— 16 Il Il Il
0 5 10 15 20
Time /s
(b

Y directional displacement /mm

~

80

50.79 ——  With MRDs
~80 74.44 L .
0 5 10 15 20
Time /s
140 T T T
~~~~~~~~~~~~~ Without MR Ds
70 +

Y directional displacement /mm

)

-70} 55.91 i
92.53" With MRDs
140 L L L
0 5 10 15 20
Time /s

Figure 9. Comparison of horizontal bidirectional total displacement response of node 24 of RC frame
structure. (a) Under the action of El-Centro wave; (b) under the action of Tangshan wave.

—_
~

T
12.08

~

X directional acceleration /(m/sz)
S

Y directional acceleration /(m/sz)

_7 L
With MR Ds
~14 * ‘ 1
0 5 10 15 20
Time /s
(a)
16 T T T
~~~~~~~~~~~~~ Without MR Ds

o]

i

X directional acceleration /(m/s?)
=

With MR Ds
I

15 20

Y directional acceleration /(m/sz)

(b)

Figure 10. Comparison of horizontal bidirectional total acceleration response of node 24 of RC frame

12 T T T
9.98
ol 8.64 Without MR Ds
0
_6 L
——  With MRDs
-12 * : 1
0 5 10 15 20
Time /s
16 T T T
~~~~~~~~~~~~~ Without MR Ds
171
g | H H
0
_8 L
——  With MRDs
-16 : 1 1
0 5 10 15 20

Time /s

structure. (a) Under the action of El-Centro wave; (b) under the action of Tangshan wave.



Actuators 2022, 11, 362

13 of 20

Figure 10a shows that under the action of the El-Centro wave, the X and Y di-
rectional maximum accelerations of the top node in the RC structure were 12.08 m/s?
and 9.98 m/s?, respectively. After setting the MRD in the structure, the X and Y direc-
tional maximum accelerations of the top node in the RC structure were 9.67 m/ s? and
8.64 m/s?, which were reduced by 19.96% and 13.50%, respectively. Under the action of
the Tangshan wave shown in Figure 10b, the X and Y directional maximum accelerations
of the node 24 in the RC structure were 11.98 m/s? and 11.71 m/s?, respectively. After
setting the MRD in the structure, the X and Y directional maximum accelerations of the
node 24 in the RC structure were 7.62 m/s? and 6.11 m/s2, which were reduced by 36.67%
and 47.86%, respectively.

Adding the MRD to the structure can be equivalent to increasing the stiffness and
damping of the structure. It can be obtained from Equation (1) that the increase in
the stiffness and damping of the structure is conducive to reducing the displacement
response of the structure under an earthquake action, as shown in Figure 9. Although
increasing the damping of the structure can reduce the acceleration response of the struc-
ture under an earthquake action, increasing the stiffness will increase the acceleration
response of the structure. Therefore, after adding the MRD, the acceleration damping
effect of the structure will be lower than the displacement damping effect, as shown
in Figure 10.

4.4.2. Comparative Analysis of Maximum Response Results of Each Story

The envelope diagram of the maximum horizontal acceleration, displacement, and
story drift ratio of the RC frame structure with and without an MRD under the El-Centro
and Tangshan waves are shown in Figure 11. As shown in Figure 11a,b, under the action of
the El-Centro wave and Tangshan wave, compared with the structure without an MRD, the
maximum horizontal displacement, acceleration, and story drift ratio of each story of the
structure with an MRD are reduced.

Taking node 16 on the third story as an example, Figure 11a shows that under the
action of the El-Centro wave, the X and Y directional maximum displacements of the
RC structure were 55.22 mm and 54.04 mm, respectively. After setting the MRD in the
structure, the X and Y directional maximum displacements of the RC structure were
37.15 mm and 35.24 mm, which were reduced by 32.73% and 34.80%, respectively. The
X and Y directional maximum accelerations of the RC structure were 9.96 m/s? and
8.69 m/s?, respectively. After setting the MRD in the structure, the X and Y directional
maximum accelerations of the RC structure were 7.65 m/s? and 6.83 m/s2, which are
reduced by 23.22% and 21.35%, respectively. The X and Y directional maximum story
drift ratios of the RC structure were 4.46 x 1073 rad and 4.51 x 102 rad, respectively.
After setting the MRD in the structure, the X and Y directional maximum story drift ratios
of the RC structure were 3.18 x 1072 rad and 3.15 x 103 rad, which were reduced by
28.67% and 29.91%, respectively.

As shown in Figure 11b, under the action of the Tangshan wave, the X and Y directional
maximum displacements of the RC structure were 78.21 mm and 65.09 mm, respectively.
After setting the MRD in the structure, the X and Y directional maximum displacements of
the RC structure were 37.78 mm and 39.43 mm, which were reduced by 51.69% and 39.42%,
respectively. The X and Y directional maximum accelerations of the RC structure were
8.41 m/s? and 6.66 m/s?, respectively. After setting the MRD in the structure, the X and
Y directional maximum accelerations of the RC structure were 4.89 m/s? and 4.42 m/s?,
which were reduced by 41.90% and 33.59%, respectively. The X and Y directional maximum
story drift ratios of the RC structure were 6.58 x 1072 rad and 5.53 x 103 rad, respectively.
After setting the MRD in the structure, the X and Y directional maximum story drift ratios
of the RC structure were 2.92 x 1073 rad and 3.13 x 1073 rad, which were reduced by
55.64% and 43.49%, respectively.
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Figure 11. Envelope diagram of maximum horizontal displacement, acceleration and story drift ratio
of RC frame structure. (a) Under the action of El-Centro wave; (b) under the action of Tangshan wave.

As can be seen from Figure 11, the maximum story drift ratio of the RC frame structure
with and without an MRD firstly increase and then decrease with the increase in the
structural stories, and the maximum values are all less than 1/50. After setting the MRD in
the RC frame’s structure, the maximum story drift ratio of each story are far less than 1/50,
which significantly improves the seismic performance of the RC frame’s structure.

4.4.3. Comparative Analysis of Moment Rotation Hysteretic Curve Results

Figures 12 and 13 show the comparison of moment-angle hysteresis curves at the
bottom of each column of the RC frame’s structure with and without an MRD. As can
be seen from Figure 12, under the action of the El-Centro wave, a hysteresis loops ap-
peared in both X and Y directions of the column in the third story of the structure, and
the intersection of the hysteresis curves and coordinate axes deviated from the origin,
indicating that the column entered the yield stage in X and Y directions, and the maximum
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residual deformations in X and Y directions were 0.923 x 102 rad and 0.914 x 1073 rad,
respectively. After setting the MRD in the structure, the seismic response of the column
in the X and Y direction was weakened significantly, the maximum value of the moment
rotation curve at the bottom of the column was significantly smaller, the hysteretic loop
area was reduced, and the maximum residual deformations in X and Y directions were
reduced to 0.205 x 1073 rad and 0.188 x 1073 rad, respectively. Similar to the column in
the third story, after setting the MRD in the structure, the maximum residual deformations
in the X and Y direction of the column in the fourth story decreased from 0.648 x 10~ rad
and 0.672 x 1073 rad to 0.241 x 102 rad and 0.141 x 1073 rad, respectively.

It can be seen from Figure 13 that under the action of the Tangshan wave, the rotation
angles in X and Y directions were large when the column in the third story of the structure
was loaded, and a large residual deformation occurred during the unloading, and hysteresis
loops appeared in both X and Y directions of the column in the third story of the structure,
the intersection of the hysteresis curves and coordinate axes deviated from the origin,
which indicates that the column entered the yield stage in the X and Y directions, and
the maximum residual deformations in the X and Y directions were 1.628 x 1073 rad and
2.101 x 1073 rad, respectively. After setting the MRD in the structure, the seismic response
of the column in X and Y direction was weakened significantly, the maximum value of the
moment rotation curve at the bottom of the column was significantly smaller, the hysteretic
loop area was reduced, and the maximum residual deformations in the X and Y directions
were reduced to 0.511 x 1073 rad and 0.297 x 10~ rad, respectively. Similar to the column
in the third story, after setting the MRD in the structure, the maximum residual deforma-
tions in the X and Y direction of the column in fourth story decreased from 1.217 x 1073 rad
and 1.562 x 1073 rad to 0.264 x 1072 rad and 0.065 x 1073 rad, respectively.
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Figure 12. Bending moment-angle hysteresis loops of RC frame structures with and without MRD
under El-Centro waves. (a) The column in third story; (b) the column in fourth story.
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Figure 13. Bending moment-angle hysteresis loops of RC frame structures with and without MRD
under Tangshan waves. (a) The column in third story; (b) the column in fourth story.

Table 2 shows the maximum residual displacement angles in the X and Y directions
at the column bottom of each story of the RC frame’s structure with and without an
MRD under the action of the seismic wave. It can be seen from Table 2 that the MRD
can effectively consume the vibration energy transmitted to the structure and reduce the
residual deformation at the column bottom of each story of the structure.

Table 2. The maximum residual displacement angle of column bottom of RC frame structure under
seismic wave (rad x 1073).

El-Centro Wave Tangshan Wave
&"gz) Without MRD With MRD Without MRD With MRD
X-Direction Y-Direction X-Direction Y-Direction X-Direction Y-Direction X-Direction Y-Direction

1(4) 0 0 0 0 0 0 0 0

2(8) 0.412 0.828 0.014 0.017 1.137 1.686 0.031 0.069
3(12) 0.923 0.914 0.205 0.188 1.628 2.101 0.511 0.297
4(16) 0.648 0.672 0.241 0.141 1.217 1.562 0.264 0.065
5(20) 0.205 0.133 0 0 0.561 0.620 0 0

In addition, whether the X-direction and Y-direction of each member of the RC frame
structure with or without an MRD enters the yield stage under the action of two seismic
waves can be compared in Figure 14. All the above indicate that the stiffness of the
structural components would degrade under the action of seismic waves, but the seismic
performance of the RC frame’s structure is significantly improved after setting the MRD
in the structure.
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Figure 14. Plastic hinges distribution of RC frame structure with and without MRD under seismic
waves. (a) X direction; (b) Y direction.

4.4.4. Cracking and Yield of Each Member of Structure

Figure 14 shows the plastic hinges distribution of the beams and columns of RC
frame’s structure with and without an MRD under different seismic waves. Under the
action of two seismic waves, the plastic hinge distribution of the RC frame’s structure was
exactly the same.

It can be seen from Figure 14a,b that under the action of the El-Centro wave and
Tangshan wave, most of the column ends of the second to fifth stories of the structure
appeared to be a plastic hinge, but the beam ends did not yield. After the MRD was
set in the structure, the plastic hinges at the column ends of the structure were reduced.
The number of plastic hinges in the X direction and Y direction have been decreased
by 37.50%.

Therefore, setting the MRD in the RC frame’s structure can effectively inhibit the yield
of the structural members, so as to improve the overall seismic performance of the structure.
In addition, the multi-dimensional elastic—plastic calculation model and elastic—plastic
dynamic time history analysis program established by MATLAB software in this chapter
can effectively describe the yield position, sequence, failure degree, and process of each
beam and column, so as to judge the plastic deformation concentration position, weak
position, and possible failure type of the overall structure.

5. Conclusions

(1) The multi-dimensional elastoplastic calculation model of the MRD frame’s structure
was established, and the elastoplastic dynamic time history analysis program was
developed by using MATLAB software, which could accurately calculate the multi-
dimensional elastoplastic response of the structure under a strong earthquake.
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(2) After the MRD is set in the frame structure, the maximum horizontal displacement
and acceleration of each story decreases. The maximum displacement and acceleration
of the top node 24 on the structure in the X direction and Y direction decreased by
51.87%, 39.59%, 36.67%, and 47.86%, respectively; the decrease in the acceleration is
not very significant.

(3) For the frame structure with an MRD, the offset of the displacement time history
curve of the column in the third story is weakened and the hysteretic loop area of the
structural members is significantly reduced. The maximum residual displacement
angle in the X and Y directions of the column in the third story decreased from
1.628 x 1073 rad and 2.101 x 1072 rad to 0.511 x 1072 rad and 0.297 x 1077 rad,
indicating that the MRD can effectively consume the vibration energy of the incoming
structure and significantly improve the seismic performance of the structure.

(4) The column end of the frame structure without an MRD appears to be more of a
plastic hinge, which is the yield mechanism of the column hinge. Compared with
the frame structure without the MRD, after setting the MRD in the structure, the
number of plastic hinges in the X direction and Y direction were all reduced by 37.50%.
Although some structural members still yield, it will not endanger the safety of the
whole structure.
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