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Abstract: Concrete structures suffer from crack damage under heavy vibrations, caused by
seismic loads. Passive vibration control devices can be used to reduce the damage. The
most common device is the tuned-mass-damper (TMD), which is tuned to match the
natural frequency of the primary structure. However, under prolonged vibration load, the
natural frequency of the concrete structure decreases, reducing the TMD's effectiveness in
mitigating vibrations and damage, as it can only target a fixed natural frequency. Therefore,
this study will propose and implement the nonlinear energy sink (NES), which is a
vibration control device that can adapt to changing frequency, resulting in a larger effective
bandwidth than the TMD. As a concrete structure, the cast-in-place double-column piers is
seismically loaded with a shaking table with and without NES to observe the vibration and
damage-mitigating properties of the NES. More specifically, a magnetic bi-stable NES
(MBNES) with a viscous fluid damper (VFD) is designed and built. The bi-stable restoring
force allows for a larger bandwidth than conventional NESs, and the magnets and VFD
allow for easy manufacturability. An optimization method is proposed to obtain optimal
parameters, and the restoring force and damping of the experimentally designed MBNES
are verified using the restoring force surface method. The proposed design, optimization
and identification procedure are generic and can be applied to any (concrete) civil structure.
Shaking table tests are used to verify the robust performance of MBNES under continuous
changes in the natural frequency of concrete double-column piers. The experimental
results show that the MBNES can effectively mitigate vibrations of the pier and,

consequently, reduce the damage of the pier, slow down the decrease of the stiffness of the
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pier, reduce the curvature and shear deformation of the pier. Numerical analysis results
show that MBNES can absorb the energy of the primary structure in a wide frequency
bandwidth and has excellent robust performance compared to conventional devices.
Key words: Bridge engineering; Magnet-spring bi-stable energy sink; Dynamic control;
Shake table experiment; Numerical analysis; Bouc-wen model; Robust performance.
1. Introduction

In the field of civil engineering, vibration control is of paramount importance in
structures such as buildings and bridges. Currently, the most common vibration control
device is the tuned mass damper (TMD), which is able to efficiently damp excessive
vibrations near the natural frequency of the primary structure. However, if the dynamic
characteristics of the primary structure change, or if the vibration energy is not
concentrated in the natural frequency vibration, its damping effect will be seriously
compromised. Pinkaew et al. discovered that while TMD can diminish the damage to the
initial concrete structure during an earthquake, it cannot further mitigate the structure's
response after sustaining damage [1]. Rahimi et al. considered that the TMD focus solely
on tuning to the dominant frequency rather than accounting for all natural frequency of
the structure. In continuous seismic wave loading, as the natural frequency of the primary
structure changes, the efficacy of the TMD in controlling vibrations diminishes [2].
Recently, a device called nonlinear energy sink (NES) featuring broadband damping
characteristics has attracted more and more scholars' attention. The broader frequency

band is a consequence of the nonlinear restoring force in the NES, typically a hardening
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nonlinearity, which allows the NES to self-tune its natural frequency to the frequency of
primary structure. Many scholars have done relevant research in order to apply the NES
in the field of civil engineering [3-4]. Gourdon et al. [5-8] designed a cubic NES to
conduct theoretical, numerical and experimental studies on vibration reduction of a
single-story metal frame and a four-story frame structures, respectively. The results
showed that the oscillators with a strong nonlinearity could effectively absorb the
vibrations of the primary structure without reflecting energy back to the primary structure.
Nucera et al. [9] conducted an experimental study on a vibro-impact (VI) NES attached
on the top of a three-layer frame and found that VI NES had excellent and robust
performance. Quinn et al. [10] coupled an NES with strong nonlinearity to a two-
degree-of-freedom (DOF) frame structure. Through experiment and numerical analysis,
that the NES can effectively reduce the vibration of the frame structure under the shock
load. Al-Shudeifat et al. [11-14] carried out numerical and experimental research on the
vibration reduction effect of a rotary NES on a multi-DOF building model. In particular,
the targeted energy transfer (TET) mechanism, frequency-energy plot and robustness of
the rotary NES were deeply studied. Wierschem et al. [15-18] focused on the dynamic
performance of multi-DOF frame structures coupled with different NESs under explosive
impact loads. The experimental results showed that the NES could rapidly mitigate the
vibration of the primary structure. Wang et al. [19-22] studied on the track NES and
discovered rapid energy absorption and high robustness in building structures. Compared

with other types of NESs, the vibration absorption performance was similar. Dekemele et
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al. [23-24] introduced the design principle and control equation of a novel NES. He
analyzed the dynamic characteristics of the NES coupled to a single DOF frame structure
using the harmonic balance method. Experiments verified the damping characteristics
and the restoring force surface method identified the nonlinear force equation in the NES.
It should be noted that almost all works focus on linear primary structures made via
metal.

So far, many scholars have proposed different kinds of NES, such as cubic NES
(CNEYS), bi-stable NES (BNES), track NES and so on [8, 19-39]. Among these NESs,
using permanent magnets to provide nonlinear restoring force has become a hot research
topic [40-46]. Al-Shudeifat [40] introduced an asymmetric magnetic restoring force into
the NES. Compared to the NES with symmetrical stiffness, this design can significantly
enhance its damping performance. Chen et al. [41-43] constructed an NES using four
pairs of permanent magnets with bi-stable characteristics. The optimal multiple design
parameters in the NES were obtained by global optimization. Compared with TMD and
CNES, the BNES can produce wide-frequency band and rich internal resonance behavior
with the primary structure. Therefore, it can combat the performance degradation of
traditional vibration control devices oscillators in the field of civil engineering caused by
due to the changes in structural dynamic characteristics, such as those caused by concrete
damage. At the same time, the permanent magnets can provide a non-contact smooth
nonlinear restoring force, and combined with a linear spring forms a BNES, which own

broad application prospects in the field of civil engineering vibration reduction [38,
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41-42]. In addition, there are few studies on vibration reduction control using NES for
concrete-based structures, and have not studied the damage reducing abilities of the NES
[47]. As such, a gap in the literature and the focus of the current paper is the experimental
study of the MBNES in reducing damage in concrete structures, and its performance
under decreasing natural frequency of concrete primary structures under continuous
damage process. As a concrete structure, two concrete double-column piers are cast, one
that will feature the MBNES and one without a vibration control device. The damage is
induced by a shaking table with seismic waves of increasing energy levels. The
optimization and identification method used here allows for easy manufacturability for
civil engineering applications, as the proposed and built NES consists of magnets, linear
springs, and viscous fluid dampers that are readily available from manufacturers. This
paper is structured as follows: In section 2, the dimensions, material properties and
sensors arrangement of the double-column piers are introduced in detail. In addition, the
description and parameters optimization of MBNES and parameters identification using
restoring force method of MBNES are also described. In the 3rd section, the experimental
effectiveness of the MBNES for vibration control and damage reduction of the
double-column piers are verified via experimental method with shaking table test of
increasing magnitude. In the section 4, the numerical simulation results using the
Bouc-Wen model are compared with the experimental results, while the vibration control
performance of the MBNES is compared to that of the TMD, under decreasing natural

frequency of the primary concrete structure. Finally, the conclusions are stated.
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2. Experimental design and setup
2.1 Primary structure and sensors arrangement

The geometric dimensions and the sensor arrangement of the cast-in-place (CIP)
double-column piers are presented in Table 1 and Fig. 1. The sensors will be used to
assess vibration levels and damage. The reinforcement ratio and volumetric stirrup ratio
of the piers are 1.1% and 0.84%, respectively. The piers without and with NES will be
referred to in the rest of the text as CIP-1 and CIP-2.

Table 1 The specific design parameters of the CIP double-column piers

Component Size (mm?) Component Size (mm)
Cap 3300%550%350 Cover thickness 30
Column 240%240%1300 Effective height of piers 1750
Footing 2400x720x360 Reinforcement $10@90

Concrete plate 3100%2400x550 Stirrup d6@75
X
MBNES‘?‘D_/ A7 M%S
Concrete plate 100
o[
% — 3100 A | [XDIFHAL
g | 12000
Cap h
S1 S5 D2 13500 ]
sz% %se D3 o
X LVDT

HAcceleration sensor

Piers .
{ Displacement sensor

1350

XD4 o

S3 S7 D52
S4 S8

ﬁ Footing —ExJDé

| 2400 |~ 720

Fig. 1 Design details and sensors arrangement of CIP double-column piers (unit: mm)

The standard compressive strength of concrete is measured according to the
Standard for test method of concrete structures (GB/T50152-2012) [48]. The 28-day

average compressive strength of the six standard concrete cubes (150x150x150 mm?) is



35.9 MPa and the elastic modulus of concrete is 3.1x10* MPa. The density of the
concrete is 2.42 t/m3. Therefore, the mass (containing concrete plate and the cap) of the
primary structure mp is 9.91 t. Table 2 shows the average yield and tensile strength of the
reinforcement and stirrup. The test was carried out according to the standards of Metallic

materials-Tensile testing at ambient temperature (GB/T228.1-2010) [49].

Table 2 Property parameters of reinforcement and stirrup

Diameter Yield strength  Tensile strength  Elastic modulus  Fracture

Type Grade .
(mm) (MPa) (MPa) (MPa) strain (%)
Reinforcement HRB400 10 431.63 553.33 2x10° 171
Stirrup HRB400 6 423.22 539.52 2x10° 17.6
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Meanwhile, as depicted in Fig. 1, the displacement sensors (S1 to S8) were arranged
at the height of 150 mm and 300 mm below the cap and over the footing of the pier to
obtain the curvature distribution. The displacement sensors D1 and D6 measured the
displacement of the cap and footing, respectively. The displacement sensors D2 to D5
respectively obtained the horizontal displacement of the pier body under the seismic load.
D3 and D2 were arranged at 150 mm and 300 mm from the bottom of the cap. D5 and D4
were arranged at 150 mm and 300 mm from the top of the footing. Additionally, the
displacement sensor D7 measures the displacement of the MBNES for CIP-2. Both the
shaking table and the oscillator move along the strong axis direction (X) of the
double-column piers.

2.2 Proposed MBNES

The schematic and realization of the MBNES are shown in Fig.2. The MBNES
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consists of 16 magnets, two linear springs, a viscous fluid damper (VFD), a mass block,
four roller bearings and two sliding rails. The dimensions of the mass block are shown in
Fig. 2(b) and the volume is 0.0204 m®. The repulsive force between the magnets realizes
the nonlinear restoring force. Compared with the other MBNESs [32, 39], the springs are
used in the movement direction of the oscillator, which not only provides additional
restoring force but also facilitates the installation of the VFD. The springs in the MBNES
device are made of 60Si2MnA steel, the cylinder body of VFD is made of tin bronze, and
the other parts are made of non-magnetic stainless steel which density is 7930 kg/m?. The
whole device does not contain any ferromagnetic material. The weight of the oscillator
(my) is 198.2 kg consisting of the weight of the mass block and the weight of the magnets
attached to the mass block. Hence, the mass ratio of the MBNES to the primary structure

1s set as 2%.

Bafﬂe\ VED
B A
- oSpring Spring = =
Magnets Magnets
oo L=
w §
scillator
==
- - /-!J &l il
Sliding rail & S 3
A e Floor plate | Unit: mm
(@) (b)

Fig. 2 Design of MBNES: (a) schematic; and (b) realization.

The proposed MBNES contains one unstable point and two stable points, and the

schematic diagram is shown in Fig. 3. Fig. 3 (a) displays the unstable point of MBNES.
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Then, the spring is at its original length and the magnets are completely parallel. Fig. 3 (b)
and (c) show the two stable points in the MBNES, and the spring is in a compressed or

stretched state.

Outer magnet

2 7,:2¢ 2a7,2¢ Outer magnet Outer magnet 227, 2¢
Magnet  ; LWL Magnet, * A " p Magnet
2b 5 2b EéZﬁ ,Efff‘L 2!1‘
or magne Y d Inner magnet . 1d
7/-; Inner magnet m *Inner magnet
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1
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Original length d d ld
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TY]EEQ Y u T‘@Wu Tvm u
(a) (b) ©)

Fig. 3 Schematic points of MBNES: (a) unstable point; (b) stable point 1; and (c) stable point 2.

2.3 Parameters optimization of MBNES
The linearized equations of motion of the double-column piers coupled with
MBNES are:

p g

m,X, +C X, +K X, —cu—F =-m X
mU+cu+F =-m (X, +X,)

(1)

Where the natural angular frequency @n of the double-column piers is 37.13 rad/s,
which was obtained from the excitation tests, and the equivalent stiffness 4, of the piers is
13665 kN/m. According to the standard [50], the equivalent viscous damping ratio & of
concrete structures is 0.05, meaning a damping coefficient of the primary structure ¢, of
36.8 kN's/m. x,,x, and X, are the displacement, velocity and acceleration relative to
the ground motion of the cap, respectively. U and u are the relative acceleration and
velocity between the oscillator and the cap, respectively. F is the restoring force provided

by the MBNES. x; is the base acceleration. ¢; is the viscous damping coefficient of
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VFD.

An optimization is required to create the MBNES design capable of minimizing the
primary structure's response to impulsive loads. Additionally, ensuring the system's
resilience to changes in the primary structure's natural frequency over time is another
objective of this optimization. The optimization will be carried out on Eq.(1), which has a
linear elastic concrete model, in order to apply the techniques of [43] and [50]. In [43], in
order to evaluate the performance of the MBNES, the peak displacement response, the
energy of the controlled (Ep) and uncontrolled primary structures (Ep,), the root mean
square (RMS) displacement responses of the controlled (Drms) and uncontrolled primary
structure (Drms,0) are compared. The objective function | is defined as the weighted

performance measures Ep/Epo and Drms/Drums o, that is Eq.(2).

¢, > % (i)dt
), where EP === 2)
P0 szxé,o(i)dt
i=1

I=min(1 Ee +1—DR“"S

2 EP,O 2 DRMS,O

Where x,, represents the velocity of the uncontrolled primary structure.
To calculate the restoring force (repulsion force) of the magnets in the movement
direction of the oscillator, the equivalent magnetic charge model is considered [39]. In
order to remove a net perpendicular force on the mass, the magnets on both sides of the

oscillator are equivalent. The restoring force of BMNES can be expressed as Eq. (3) to

Eq. (5).
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i+ j+k+l+p+q

le -2 [2®(u,d +0)] 3)

Where

YkzI —Zf,q XinkI 1
®(u,d+c)= Y In(S — X))+ XYy In(S=Y,) +Y Z arctan(SZ )+§SXij 4

pq

X;=u+(-)’a-(-D'a Y,=(D'b-(-1)'b
Z =b+c)+(-Dc—(-Dc  S=X{+Yi+Z] ®)

Where J is the polarization intensity of the magnets with a value of 1.34 T, po is the
vacuum permeability factor (4nx107" H/m) [41]. Parameters 2a, 2b and 2c are the length,
height and thickness of the magnets, and d is the net distance between two magnets. k;is
the stiffness of two springs.

The first step in the optimization scheme is computing the TMD design parameters
kop: and cop: based on the natural frequency of the primary structure [48-50]. These will be
used to define a parameter range for the springs (k;) and viscous damper (c;) used in the
MBNES. These parameters are calculated by Eq.(6) .

1 2—vy 3y 2
f =—— (|=—<~ = s
opt 1+V( 5 ) Sopt \/8(14—]/) (\/2—)/) 6)

2 2
kopt = foth ml Copt = 2gopt foth

Where koprand copare 260 kN/m and 6.21 kN/(m/s). The global optimization method
is used to find the minimum value of the Eq. (2). The assessment of MBNES's vibration
reduction efficiency involves applying an initial velocity of 0.8 m/s to the primary
structure, allowing the oscillator within MBNES to consistently undergo steady-state

transitions [19, 39, 49, 51]. Furthermore, using an impulsive load makes the optimization
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independent of used seismic waves. The fourth-order Runge-Kutta method is used to
calculate the Eq. (1). Considering the MBNES devices can be made easily in the factory,
the parameters, optimization scope of parameters, optimization step size, optimal value

and the value of .., are shown in Table 3. For each step, the objective function I is

computed.
Table 3 Optimization parameters of MBNES
Device Parameter ~ Optimization scope Optimization step size ~ Optimal value Imin
2a (mm) 100~300 20 200
2b (mm) 200~400 20 300
2¢ (mm) 10~30 5 25
MBNES 0.448
d (mm) 10~30 2 10
ki (kN/m) 130~390 26 156
c1 (kN/(m/s)) 1.5525~7.7625 0.621 1.5525

Fig. 4 (a) displays the displacement of the primary structures under the control of the
optimal MBNES parameters and TMD parameters, respectively. The displacement decay
of the primary structure under MBNES control is faster than those under TMD control.
The oscillator in MBNES, as depicted in Fig. 4(b), exhibits steady-state transitions and
moves at a higher speed compared to TMD. This indicates that MBNES absorbs and

consumes energy more rapidly from the primary structure.

e
=3
e}

0.1

0.01 0.05¢

(=)

-0.01 005k |1

Displacement of the cap (m)
Displacement of the oscillator (m)
(=)

-0.02 -0.1
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Fig. 4 The displacement response of MBNES and TMD controlled structures under initial velocity
excitation of 0.8 m/s: (a) caps; and (b) oscillators.

2.4 Ildentification of MBNES

In this study, the parameters for the magnet and spring in the MBNES that closely
match the optimal ones available directly from the factory. For the experiment, the
parameters 2a, 2b and 2¢ of magnets are 190 mm, 290 mm and 23 mm, respectively. The
total stiffness of the two linear springs is 141.6 kN/m. The damping coefficient and stroke
of VFD are 1.55 kN/(m/s) and £80 mm. Due to the huge repulsion force of the magnets, d
equal to 10 mm, it will be difficult to install. Therefore, it is opted for d=15 mm. Under
the combination of these parameters, the value of I in Eq. (2) is 0.521.

In order to verify the accuracy of the restoring force curve of MBNES calculated via
using Eq. (3), it is very necessary to use the restoring force surface method (RFM) to
detect the nonlinear restoring force in the dynamical system [23,54-55]. To identify the
parameters of the MBNES, the MBNES is attached to the shaking table. This is described
by Eq.(7).

my="f.+f(y.y) (7

Where y, y and y are the relative (to the ground) displacement, velocity and
acceleration of the oscillator. f. is the externally applied force, f,=m,S. § represents
the acceleration of the shake table during the stepped sine motion. f{y, y) is the restoring
force of the MBNES, containing the nonlinear restoring and damping force. After getting
the experimental data of y, y, y and f., the model for both the restoring force and damping

force could be acquired. Fig. 5 is the experimental setup during the RFS test.
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Fig. 5 The experimental setup using the restoring force surface method.

The velocity of the oscillator was obtained by taking the derivative of the
displacement of the oscillator. A stepped sine motion with a frequency from 1 Hz to 5 Hz
was applied to the shaking table. In Fig.6 (a), the red line represents the restoring force
curve computed from experimental parameters of the MBNES via Eq.(3), and the blue
points denote the y~0 data acquired during the stepped sine tests. Additionally, for
Fig.6 (b), the red line is the desired damping restoring force curve and the blue points are
the y~0 data obtained from the RFS method. The agreement between the points
obtained through the RFS method and the theoretically calculated curves validates the use

of magnetic restoring force and damping force curve models in numerical analysis.
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Fig. 6 Restoring force curve and measured data: (a) the stiffness force; and (b) the damping force.
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2.5 Seismic waves

Three seismic waves were selected as the loading conditions of this experiment: two
natural ground motions (EL-Centro and TAFT seismic wave) and a synthetic seismic
wave called RH2TG040, which was selected from the Pacific Earthquake Engineering
Research Center. The waves have been time-compressed by 40% such that their
dominant frequencies contain the natural frequency of the double-column piers. The time
history and the frequency spectrum of three seismic waves are shown in Fig. 7(a) and Fig.

7(b). Where g is 9.8 m/s2.

0.6 w - 0.016

— TAFT ‘ ‘ [——TAFT

0.4+ ——RH2TG040 | —RH2TG040
—_ ' ——EL-Centro 0.012 —EL-Centro ||
an ~
= 02¢ 1 20
=)
E \ it 3 ‘
s 0 1“ [ﬂu 1 ‘ “,l ‘ | i MJ‘ W Wkw JFMWWM“M'WM’ g 0.008
5 l\ | Y = .
8 02} g
< 0.004 | ‘\ ”

0.4 ‘ W | ]1

H \ I u
0.6 : ‘ ‘ i w il AN
0 5 10 15 20 O 20 30 40 50
Time (s) Frequency (Hz)
(@) (b)

Fig. 7 Three seismic ground motions: (a) Time-history; and (b) Spectrum analysis.

All seismic waves will be applied to the double-column piers with 5 peak ground
accelerations (PGA) levels: 0.2g, 0.4g, 0.6g, 0.8g and 1.0g. White noise motion tests are
applied to obtain the dynamic properties of the specimens before and after each seismic
wave load action. For CIP-2, the oscillator is locked to obtain the dynamic characteristics
of the whole structure. Table 3 exhibits the sequence of loading for the 3 different

seismic waves with 5 different levels during the experiment.
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Table 3 The input seismic waves for the experiment

Seismic Seismic Seismic

No. wave PGA(Q) No. wave PGA(Q) No. wave PGA(Q)
1 EL-Centro 0.2 6 RH2TG040 0.4 11 TAFT 0.8
2 TAFT 0.2 7 EL-Centro 0.6 12 RH2TG040 0.8
3 RH2TG040 0.2 8 TAFT 0.6 13 EL-Centro 1.0
4 EL-Centro 0.4 9 RH2TG040 0.6 14 TAFT 1.0
5 TAFT 0.4 10 EL-Centro 0.8 15 RH2TG040 1.0

3. Results and discussions
3.1 Damage process

The crack development and damage of CIP-1 (without MBNES) and CIP-2 (with
MBNES) have been recorded in detail after each test condition referred in Table 3. The
damage of the double-column piers after the experiment is illustrated in Fig. 8. Table 4
presents the detailed records of the damage process of the double-column piers during the
whole experimental loading process. It shows that the MBNES is effective in slowing
down the generation and development of cracks, attributed to the decreased displacement

of the cap in CIP-2 thanks to the MBNES.

Table 4 The detailed double-column piers damage process during the experiment

No. PGA(g) Specimen Experimental phenomena

1 0.2 CIP-1 A micro horizontal crack appeared at 70 mm from the top of the piers.
CIP-2 No crack appeared.
CIP-1 An annular crack appeared at 170 mm from the top of the piers, and the

) 0.4 initial crack extended to the pier’s body
CIp-2 Two horizontal cracks occurred at 30 mm and 110 mm from the top of

the piers.
The initial crack developed into an annular crack, and the crack width
CIP-1 became larger. Simultaneously, the oblique cracks appeared at 80 mm
and 350 mm from the bottom of the piers.

3 06 The initial crack at the pier top developed into an annular crack. In

CIP-2 addition, two cracks at 140 mm and 210 mm from the top of the piers

appeared. Meanwhile, a horizontal crack at 170 mm from the bottom of



the piers appeared.
A shear crack appeared at 245 mm from the top of the piers, and two
CIP-1 bending and shear inclined cracks also appeared at 130 mm and 260
mm from the bottom of the piers. Meanwhile, the initial crack at the
4 0.8 bottom of the piers developed into an annular shear crack
Three annular cracks formed at 70 mm, 140 mm and 320 mm from the
CIP-2 top of piers, and two annular cracks generated at 10 mm and 170 mm
from the bottom of piers.
The width of all the previous cracks increased, and some new cracks
CIP-1 between the annular cracks appeared. At last, the concrete spalling
occurred at the top of the pier as well as at the bottom.
The bending and shear inclined cracks appeared at the top and bottom
CIP-2 of the piers, and the width of the cracks which had occurred became
larger. The concrete at the top and bottom of the piers had no spalling.

] I — o S e
Tt ; ; S mee NS

Al
CIP-1 =
CIP-2

13
-4

(@) (b)
Fig. 8 Damage patterns of the specimens: (a) CIP-1; and (b) CIP-2.

3.2 Dynamic characteristics

Because of the damage process, the natural frequency of the double-column piers
decreases. After each test in the damage process, the natural frequency and damping ratio
of each double-column piers were determined with a white-noise test of low PGA. The
results are reported in Table 5. Before the damaging process, the natural frequency and

damping ratio of CIP-1 and CIP-2 were almost the same. After the experiment, the
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natural frequencies of CIP-1 and CIP-2 are reduced by 52.1% and 42.9% and the
damping coefficient of CIP-1 and CIP-2 increased by 109% and 91%, respectively. As the
PGA increases, the natural frequency of each double-column piers decreases while the
damping ratio increases, at varying rates for each. The natural frequency and damping
ratio of CIP-2 is 18.72% higher and 7.73% lower than those of CIP-1. This means the
MBNES can effectively reduce the impact on the stiffness decrease of the double-column

piers and absorb the vibration energy in the double-column piers under the seismic wave

load.

Table 5 The key spectral characteristics of the specimens after different seismic wave

Specimen PGA(g) 0 0.2 0.4 0.6 0.8 1.0
CIP-1 Frequency (Hz) 591 5.85 4.56 3.37 3.16 2.83
CIP-2 Frequency (Hz) 5.89 5.87 4.93 4.13 3.61 3.36
CIP-1 Damping ratio (%)  5.19 5.29 5.99 7.43 8.87 10.86
CIP-2 Damping ratio (%)  5.23 5.26 5.61 6.62 8.19 10.02

3.3 Displacement and acceleration response

The peak displacement responses of the cap were also captured during the
experiment. As revealed in Fig. 9 (a) to (c), the peak displacement increase with the
increase of the PGA. For instance, when the PGA values of EL-Centro seismic wave
were 0.2¢g, 0.4¢g, 0.6g, 0.8g, and 1.0g, the peak displacement of CIP-2 decreases by 78.2%,
47.5%, 36.0%, 24.9%, and 23.8% compared to CIP-1. This proves the vibration control

performance of the MBNES over a wide range of natural frequencies.
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Fig. 9 Peak displacement response of the cap with the increase of PGA value of seismic wave: (a)
EL-Centro; (b) TAFT; and (c) RH2TGO040.

Fig. 10 compares the time evolution of the displacement of the cap for the PGA of

0.6g. For all seismic waves, the MBNES can effectively reduce the cap's displacement.

For the PGA of 0.6g, EL-Centro, TAFT and RH2TGO040 seismic waves, have Dras/Drus,o

of 0.6187, 0.6486, 0.6245, respectively. The MBNES can reduce the RMS displacement

value of the cap by more than 35%. This reveals that MBNES can successfully absorb the

energy transferred from the primary structure and dissipate it in time without reflecting it

back to the primary structure. It is precisely because MBNES dissipates a lot of energy

during the vibration that it can effectively reduce the

structure and reduce its damage.
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Fig. 10 The displacement of the cap under different seismic waves for the PGA is 0.6g: (a) EL-Centro;
(b) TAFT; and (c) RH2TG040.

Fig. 11 depicts the displacement histories of the oscillator in the MBNES for the

PGA of 0.6g. The oscillator has a large relative displacement during the whole seismic
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action process, more energy of the primary structure is transferred to the MBNES where
the VFD subsequently dissipates it. During this process, the oscillator continuously

transitioned between two stable points when the seismic energy input is high.
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Fig. 11 The relative displacement of the oscillator under different seismic waves with the PGA value
is 0.6g.

The peak acceleration responses of the cap are shown in Fig.12. When the PGA is
less than 0.8g, the maximum acceleration responses of the CIP-2 cap are smaller than that
of the CIP-1. Interestingly, when the PGA is 1.0g, the peak acceleration response of the
CIP-2 cap is larger than that of CIP-1. This is because the natural frequency of CIP-1 is
smaller than the dominant frequency of the seismic wave after experiencing seismic wave
loads. However, the natural frequency of CIP-2 is still close to the dominant frequency of
the seismic waves. This results in the seismic waves pumping more energy into the

primary structure of CIP-2 and the response of the CIP-2 is more apparent.
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Fig. 12 The peak acceleration responses of the cap with the increase of PGA value of seismic wave: (a)
EL-Centro; (b) TAFT; and (c) RH2TGO040.

For PGA 0.6g the acceleration response of the cap are shown in Fig. 13 (a) to (¢).
The acceleration of the cap is almost consistent with that of the relative displacement.
The RMS value of the cap’s acceleration response of CIP-2 under the action of three
seismic waves is reduced by 36.5%, 31.6% and 27.2%, respectively compared with CIP-1.
It demonstrates that the MBNES can also effectively reduce the acceleration response of

the primary structure.
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Fig. 13 The acceleration of the cap under different seismic waves with the PGA value is 0.6g: (a)
EL-Centro; (b) TAFT; and (c) RH2TGO040.

3.4 Curvature
The curvature was obtained and computed from vertical deformation measurements
of the piers recorded by displacement sensors at 150 mm (S4 and S8) and 300mm (S3

and S7) below the cap and 150 mm (S1 and S5) and 300 mm (S2 and S6) above the
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footing. Here, the curvature of the piers under the action of EL-Centro wave is

investigated. Eq. (8) computes the curvature ¢ [56]:

A A,
~ hb, ®

®

Where 4; and 4. represent the vertical displacement of the piers on the tension and
compression sides, respectively. 4, is the distance between the measured curvature section
and the footing or cap. b; is the horizontal distance between the vertical displacement
measurement points on both pier sides.

Fig.14 displays the curvature of the measured section of piers.The curvature of each
section increases as the PGA value increases. Regardless of which PGA is applied, the
curvature of the upper part is greater than that of the lower part of the piers, and the two
curvatures have opposite directions, which is caused by the bending moment on the top
of the pier being greater than that on the bottom of the pier. Meanwhile, the curvature of
CIP-2 at each section of the column is smaller than that of CIP-1. For example, taking the
section in piers of 150mm from the top surface of the footing into concerned, when the
PGA is 0.2g, 0.4g, 0.6g, 0.8g and 1.0g, the curvatures of the X direction of CIP-1 are
0.027, 0.064, 0.14, 0.17 and 0.196 and of CIP-2 are 0.009, 0.022, 0.08, 0.128 and 0.18,
respectively. Under the PGA of 0.6g, MBNES can effectively reduce the bending and
damage of the piers. Although the effect of MBNES on reducing the curvature decreases
when the PGA value of local seismic waves exceeds 0.6g, it is still not detuned and has

good robustness. The other two seismic waves show a similar pattern.
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Fig. 14 Variation of curvatures under EL-Centro seismic wave: (a) at the height of 150 mm above
the footing of the pier; (b) at the height of 300 mm above the footing of the pier; (c) at the height
of 150 mm below the cap of the pier; and (d) at the height of 300 mm below the cap of the pier.

3.5 Shear deformation

Fig. 15 is the shear deformation of various parts of the pier under the action of
El-Centro seismic wave. Section 1, section 2, section 3 and section 4 represent the 1200
mm to 1350 mm, 1050 mm to 1200 mm, 150 mm to 300 mm and 0 mm to 150 mm
sections of the pier body, respectively. The shear deformation is the ratio of the difference
between the top and bottom relative displacements of each section to the height of this
section. The shear deformation at the upper part of the pier body is greater than that at the

lower part of the pier body. This is mainly due to the large bending moment at the top of



1 the pier body, which causes the upper part of the pier body to crack first. This reduces the
2 stiffness of the section, resulting in a larger shear deformation than the bottom of the pier
3 body. Moreover, because MBNES can effectively reduce the displacement of the cap
4 under the same ground motion, the shear deformation of the CIP-2 pier body is smaller
5 than that of CIP-1, especially under 0.6g PGA value. For example, take section 1 , when
6 the PGA value of the EL-centro wave is 0.2g, 0.4g and 0.6g, the shear deformation of
7  CIP-1 in the -X direction is -20.7x1073, - 33x102 and -47.2x107, while the shear
8  deformation of CIP-2 is -12.73x107, -23.2x107 and -36.8x10, which were respectively

9 reduced by 38.5%. 29.7% and 22.1%.

90 90
—=—CIP-1 (X) —a—CIP-1 (X)
— | --=--CIP-1 (-X) N --=--CIP-1 (-X)
S 60 —a— CIP-2 (X) e 60 ——CIP-2 (X)
R T e e Cap ¥ g0)oaCrP2(X ap
= =
g 0 Section 1L .27 iy, .
= T § O,
E R £ Al
2 -301 e - ] S -301 iRl
(] - (] *I.‘
—U - _ ~a 'U = -
5 -60- TeIlneal, 5 -60- - =
o -a 0
= =
“ .90 T \ T T T v .90 T T T T T
0.0 02 0.4 0.6 0.8 1.0 00 02 04 06 038 1.0
10 PGA (g) PGA (g)
11 @) (b)
90 90
. —=—CIP-1 (X) —=— CIP-1 (X)
4 1 -=cp-1(-X) — | --=--CIP-1 (-X)
= 01 o cra // 5 90 cra
= gploraraxy T * 302 CIP2(
g / Section 3 g 1
— €ction 3077770 o
g 0+ S = 0+ . Section 41777777 D5
% =304 “a SA Footing ,_g =30+ ‘ i:: . Footing
= Lo N <P ez
;_‘ \:7 " = 1 Tiigol
5 -60- -+ 5 -60 Ty
= o b
73] =
-90 T . T T \ “ .90 : . T . .
0.0 0.2 04 06 0.8 1.0 0.0 0.2 04 06 08 1.0
12 PGA (g) PGA (g)
13 (© (d)
14

Fig. 15 The shear deformation of each section of the pier under EI-Centro seismic wave: (a) Section 1;
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(b) Section 2; (c) Section 3; and (d) Section 4.

4. Numerical performance
4.1 System description with Bouc-Wen model

Considering that the concrete double-column piers are damaged during the vibration
process, their stiffness will be changed. The Bouc-Wen model, which can describe the
stiffness change of the piers during the seismic wave excitation [57]. Therefore, Eq. (1) is
transformed to Eq. (9).

{mpxp +C, X, +F (X, 2) —qu—F =—m X,

mu+cu+F=-m(X, +X,) ©)

Where z is the hysteretic deformation of the primary structure. F(x,, z) is the

restoring force of the primary structure and calculated by Eq. (10) .
{Fp(xp ,2) = K X, +(1-a)k,z
z':éxp—,B‘)’(p‘|z|”_lz—nxp|z|” a0

Where a is the stiffness ratio after yielding to the initial stiffness and is set as 1/21. f,

n and u are the parameters controlling the hysteresis loop's shape, size and smoothness.
For reinforced concrete structures, the value of u is 2, f=-35, and 7 is set as -1/2, f is 3/2
[58]. 0 usually set as 1 [59-60]. Other parameters of the primary structure are the same as
the initial values of the test. Considering that the specimen is subjected to continuous
seismic wave excitation, when the PGA of the seismic wave exceeds 0.4g, the damage of
the primary structure leads to the change of the initial stiffness at each test. This will lead

to changes in the parameters in the Bouc-Wen model. Therefore, this study only conducts

numerical analysis on the response under EL-Centro seismic wave excitation for PGA is
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0.6g. Fig.16 compares the numerical analysis and experiment displacement time-history
curves of CIP-1 and CIP-2 under EL-Centro seismic wave excitation. The ratio of RMS
values from the experiment to the numerical analysis of CIP-1 and CIP-2 are 1.0744 and
1.0983, that the Bouc-Wen model can effectively predict the displacement response of

double-column piers under seismic wave loads.
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Fig. 16 Comparison of numerical analysis and experimental results: (a) CIP-1; and (b) CIP-2.

Wavelet transform is applied to obtain the energy density distribution of each
specimen in the time domain and frequency domain during the vibration process. Morlet
wavelet is used as the mother wavelet on the acceleration of the cap of CIP-1, the cap of
CIP-2 and MBNES oscillator under of EL-Centro loading with 0.6g PGA value of 0.6g.
Fig. 17 (a) to (c) show the time-dependent frequency behavior of the visualized responses.
The energy of specimen CIP-1 is concentrated between 4.56 Hz and 3.37 Hz, and the
energy of specimen CIP-2 is mainly concentrated between 4.93 Hz and 4.13 Hz, which is
consistent with the change of the natural frequency shown in table 4. The energy
distribution density of specimen CIP-1 during loading time is higher than that of

specimen CIP-2, indicating that its energy dissipation rate is slower than that of specimen
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CIP-2. In addition, the frequency of energy distribution in MBNES is mainly
concentrated between 4.93 Hz and 4.13 Hz, which means that MBNES can generate
internal resonance with the primary structure, absorb the vibration energy from the

primary structure and dissipate it. This also indicates that the MBNES has a broadband

performance.
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Fig. 17 Wavelet spectra of acceleration under EL-Centro seismic waves with the PGA value is 0.6g:
(@) CIP-1; (b) CIP-2; and (c) MBNES.

4.2 Robustness observation

Considering the complexity and variability of the frequency components of each
seismic wave and the changes to the dynamic characteristics of the primary structure
under increased loading, the robustness of the oscillator is crucial here. Here, the MBNES
and the TMD will be compared, numerically. Fig. 18 shows the changes of E,/E, o with
the stiffness changes of the primary structure under the action of three seismic waves
when the PGA is 0.4g. As the stiffness of primary structure decreases, the MBNES still
retain its effective response suppression for the primary structure, whereas the TMD
experiences a loss in suppression efficiency to some degree. Specifically, When the

stiffness of the primary structure is 100% to 40% of the initial stiffness, E,/Ep o with



MBNES (dotted lines) is lower than that of TMD (full lines). That means the nonlinear

2
characteristic in the MBNES enhances the robust performance in vibration absorption
3
and can absorb vibration at a wider frequency range than the TMD.
1.2 77 VBNES (El-Coneo)
——TMD (TAFT)
- - - MBNES (TAFT)
—— TMD (RH2TG040)
|- - - MBNES (RH2TG040)
1.0 0.8 0.6 0.4
4 Stiffness ratio
5  Fig. 18 Response trends of Ep/Ep o with stiffness variations of the primary structure under different
;3 seismic wave loads.
The energy input of the system is also an important factor that affects the robustness
8
of the oscillator. Fig. 19 (a) to (c) show the influence of the PGA of different seismic
9
waves on the energy response of the primary structure. With the PGA value increases
10
from 0.2g to 1.0g, the MBNES can consume more energy from the primary structure
11
compared to the TMD, and the gap in energy consumption is becoming more and more
12
obvious. This means that using the proposed MBNES has better robustness to the
13
response to different seismic waves than TMD control.
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Fig. 19 Effect of PGA values on the energy response under different seismic waves load: (a)
EL-Centro; (b) TAFT; and (c) RH2TGO040.

5. Conclusion

This study presents the experimental tests and numerical simulations of the
double-column piers damped by a magnetic bi-stable nonlinear energy sink (MBNES)
consisting of springs, magnets, and a viscous fluid damper (VFD). The structural
construction of the double-column piers, the seismic waves used for excitation, and the
sensors arrangement of the specimen were elaborated. Through shaking table tests and
numerical analysis, the following conclusions are obtained.

1. The dimensions of the magnets, the springs and damping of the MBNES are
determined from global optimization method for the proposed objective function. The
optimization proposed, along with readily available parts, enables the design's
adaptability for use in diverse civil structures. The experimental identification with the
restoring force surface method MBNES are in good agreement with the expected
theoretical restoring force calculation.

2. From the shaking table test of CIP-2 with MBNES and CIP-1 (without MBNES),
it can be found that MBNES can effectively reduce the damage in double-column piers.
Furthermore, due to the effective vibration absorption of MBNES, compared with CIP-1,
CIP-2 has been effectively controlled in terms of stiffness reduction, displacement,
acceleration, curvature and shear deformation of the double-column piers.

3. Numerical analysis simulates the time-history response of the two piers under



seismic wave excitation, with the primary structure adopting the Bouc-Wen model, which
can describe the hysteretic performance of concrete piers. In addition, wavelet transform
is used to analyze the energy distribution of the primary structure and MBNES during the
seismic wave action. Finally, the robustness of the MBNES and the TMD is analyzed,
and it is verified that the MBNES has wide-frequency band damping characteristics and

acceptable robustness.
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