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Abstract: Vibration control has emerged as a significant concern in civil engineering, aiming to
minimize the displacement and stress exerted on structures during seismic events. The accelerated
oscillator damper (AOD), which is a damping device that depends on acceleration, has been demon-
strated to be highly effective. However, in the case of traditional bridges, it is difficult to accurately
place the secondary mass, spring, and damping components at the piers. Additionally, it has been
found that as a general single-degree-of-freedom (SDOF) damping device, a significant limitation of
the AOD system is its insufficient damping effect in the near-resonance region. This study presents a
strengthened AOD with a liner spring (SAOD-LS), in which the secondary spring and damper are
linked to the primary structure rather than being attached to the piers. This design not only provides
enough space for the secondary system but also has a higher amplification factor of secondary spring
and damping components compared with the original layout. In addition, we suggest a nonlinear
spring device (NSD) that includes connecting rods and inclined linear springs arranged in a diamond
configuration. This innovative design is intended to introduce nonlinear stiffness characteristics
into the equivalent stiffness, thereby improving the device’s performance and providing effective
anti-resonance features in the near-resonance region. We have confirmed the motion equations for
the SAOD-LS and used finite element (FE) analysis to validate the formulation of the equivalent
external force and deformation of the NSD. We have thoroughly investigated both the SAOD-LS and
the strengthened AOD equipped with NSD as the secondary spring (SAOD-NSD) for their potential
implementation in a bridge project. These damping systems demonstrate exceptional performance
and robustness, making them highly suitable for enhancing structural resistance to seismic activity.

Keywords: strengthened accelerated oscillator damper; nonlinear spring device; near-resonance
region; vibration control; damping performance

1. Introduction

In the past, there have been significant advancements in the fields of transportation
engineering safety and civil engineering safety [1-4]. There is significant concern about the
seismic safety of structures built in earthquake-prone regions [5,6]. To mitigate the negative
impacts of seismic activities on human life and productivity, numerous technologies con-
cerning vibration control have been extensively developed. Vibration control techniques
play a significant role in reducing displacement and force response when subjected to seis-
mic [7], ice [8], wind [9], and other types of loads. Recent trends in civil engineering have
led to a proliferation of studies focusing on the damping effects of spring-mass-damper
systems [10-16]. The approach of [17], namely the tuned mass damper (TMD), first pro-
posed by Frahm, may offer a viable solution. Fujino Y. et al. conducted a study on the
TMD system [18,19] and used a combination of vertical plates and TMDs to effectively
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control the vibration of the Trans Tokyo Bay Crossing Bridge [20]. After conducting research
on the use of tuned mass dampers (TMDs) in a five-story reinforced concrete building,
Mazzon et al. concluded that the middle-rise structure with TMDs would not need repair
intervention after the earthquake [21]. There has been keen interest among researchers in
TMD-based derivative devices, with the multiple tuned mass dampers (MTMD) emerging
as a prominent example. Significant advancements have been achieved in studying the
impact of structural frequency change on MTMD, as seen in the studies conducted by
academics [22-25]. There is very extensive literature on the topic of the Inerter, which
is a mechanical device with two terminals [26-33]. This device serves the functions of
inertia amplification and damping enhancement by transforming the linear motion of its
moving terminal into the rotational motion of a flywheel, thereby generating significant
inertia [34,35]. According to Tang et al.’s research [36], the tuned mass damper with In-
erter (TMDI) can dissipate structural kinetic energy more efficiently during seismic events.
The optimally designed Tuned Inerter Damper (TID) developed by Shen et al. effectively
suppresses structural displacement responses across a wide range of natural periods [37].
Furthermore, Li et al. introduced the dual-layer multiple tuned mass damper (DMTMD),
which offers improved damping efficiency. However, one drawback of the DMTMD is that
its secondary mass experiences an excessively long stroke [38].

An important constraint on all the work discussed in this area is the excessively long
stroke of the secondary mass present in both TMDs and TMD-derived devices. This limita-
tion substantially restricts their practical application in engineering, particularly in terms
of displacement and force along the longitudinal direction of the bridge. The approaches
of [39] may offer a viable solution to tackle this issue. This innovative device comprises
a transmission mechanism (specifically, a rack-and-pinion system), a spring-connected
secondary mass, and a damping component. The transmission device amplifies the rel-
ative displacement between the damper and the primary structure, thereby augmenting
its energy absorption and vibration mitigation efficacy while simplifying the technical
complexities. Nonetheless, there are two things that need to be improved in AOD.

Improvement needed 1: Installing the secondary structure of AOD in actual bridge
applications, which consists of secondary mass, secondary damping, and secondary spring,
is challenging. Additionally, the amplification coefficient of the secondary damping and
secondary spring can be increased.

Improvement needed 2: As a generalized single-degree-of-freedom (SDOF) system,
the AOD exhibits a remarkable sensitivity to the equivalent natural frequency of the system,
especially in the near-resonance region [40].

Based on the fundamental structure of the Accelerated Oscillator Damper, this study
employs two primary strategies: firstly, providing sufficient space to install the secondary
mass, spring, and damper by connecting the secondary system to the primary structure
(main girder), and simultaneously strengthening the property of the original AOD system;
and secondly, introducing nonlinear devices to mitigate substantial vibration responses
within the near-resonance range. The work presented here provides one of the new
investigations into how to reduce the response of bridges to earthquake action. Furthermore,
this study improves our understanding of the methodology involved in ice- and wind-
induced vibration, such as Yellow River.

The organization of this paper is as follows: In Section 2, a strengthened AOD design
is introduced by connecting the secondary spring and damper to the primary structure. Ad-
ditionally, the motion equations for the strengthened AOD with linear springs (SAOD-LS)
are derived. The conceptual design and mechanical characteristics analysis of the nonlinear
spring device (NSD) is proposed in Section 3. Section 4 describes the performance of
both SAOD-LS and the strengthened AOD equipped with the NSD (SAOD-NSD), where
comparisons with the traditional AOD are also given. In Section 5, we discuss the poten-
tial application of the suggested SAOD-LS and SAOD-NSD to a practical bridge project.
Conclusions are drawn in Section 6.
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The research methods employed, and the data analysis procedures utilized in each
section, are outlined below. In Section 2, the Lagrange Dynamic method is used for
mathematical derivation, and the finite element (FE) analysis is employed to validate the
motion equations of the SAOD-LS system. We utilize the response comparison approach
to analyze the shock absorption data of SAOD-LS. In Section 3, the mechanical properties
of the NSD are quantitatively derived and validated using the FE method in Section 3. In
Section 4, we gain the response of various cases using the FE method. The comparison of
the response amplitude shows that the SAOD-NSD has significant damping performance in
the near resonance region. Section 5 of the study involves modeling an actual bridge project
using the FE approach. The response data obtained are then processed using programming.
The results demonstrate the outstanding practicality and robustness of the the SAOD-LS
and SAOD-NSD methods.

2. Topological Configuration and Motion Equations of the SAOD-LS
2.1. Topological Configuration of SAOD-LS

In this paper, a generalized SDOF system based on the fundamental configuration of
the traditional AOD system is considered, as shown in Figure 1, where the mass m; is the
primary structure, and the mass m, is the secondary mass. Please note that in this article, the
symbols m; and m, are used to indicate the primary and secondary mass, respectively. This
convention is consistently followed throughout the entire paper. When using a secondary
linear spring (LS) in this new configuration, we refer to it as the SAOD-LS.

k>
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Figure 1. Schematic diagram of SAOD-LS.

One terminal of k1 and ¢y is linked to m, while the other terminal is connected to the
ground. One terminal of k; and ¢, is linked to 111, while the other terminal is linked to 5.
The transmission device is connected to the ground, with a large radius attached to one
end of my and a small radius connected to one end of m,. The transmission ratio, denoted
as r, is defined as the ratio of the big radius to the small radius. It is important to mention
that, based on the connection method of the transmission device shown in Figure 1, the
movement directions of m; and m; are in opposing directions. The transmission device G,
composed of a securely grounded rack-and-pinion system, serves to transform the linear
motion of the rack into rotary motion for the pinion. By varying the radii of the pinions, the
relative displacement between the input and output terminals can be adjusted by a factor
of r (i.e., the gear ratio of G) [40]. As a result, m; can transmit the amplified displacement,
velocity, and acceleration to m; through this device. Additionally, k, and ¢, contribute to
the system’s functionality by absorbing and dissipating energy. According to the principle
of conservation of energy, the energy gained by the secondary structure directly correlates
to the energy lost by the building [39]. This interaction helps to reduce the oscillation
amplitude of m;.

2.2. Derivation and Analytical Solution of the Motion Equation for SAOD-LS

Under the assumption that the system is not impacted by friction and the transmission
is idealized with no energy dissipation [39], we can establish a generalized coordinate
system by setting the equilibrium positions of m; and m; as the reference points. We



Appl. Sci. 2024, 14, 6732

40f17

mathematically formulate the total kinetic energy T and elastic potential energy V of the
SAOD-LS, respectively.

1 .2 1 .2

T = Emlxl =+ Emzxg @)
1 1

V= Ekmz + Ek2xk22 )

In Equations (1) and (2), the symbols x; and x; indicate the displacement and velocity
of m1, respectively. The symbol x, represents the velocity of m,, while x, represents the
relative displacement between the two terminals of k,. Please note that in this article, the
symbols x; and x, are used to indicate the primary and secondary mass displacement,
respectively. This convention is consistently followed throughout the entire paper. Given a
linear damping force, we can express the Rayleigh dissipation function (D) as follows:

1 .2 1 .2
D= Eclxl + Eszcz 3)
In Equation (3), the symbol x, represents the relative velocity between the two
terminals of cp. Because the displacement of the link-secondary-structure end is r times that
of the link-primary-structure end, the idealized relationship meets the following equation:

Xp = —1r-Xq
jCzZ—I’-jCl (4)
Xy = —T-Xq1

Due to the extremely small mass ratio (i.e., my/m) in actual bridges, as mentioned
in [39], this study assumes that the forcing function acts only on the primary structure. By
combining Equations (1)—(4) with the Lagrange Dynamic [39], we can formulate the motion
equation of SAOD-LS as follows:

(my +mar®) X1 + [c1 + o (r +1)2] %1 + [k + ko (r +1)?] 21 = —my % (5)

where X, is the horizontal ground acceleration [41].
The analytical solution to Equation (5) can be derived from its equivalent equation
form, Equation (6).

.. cit+e(r+1)?. ki +ky(r+1)2 —mx
X1+ ( X1+ ( X1 = g 5 (6)
my + mar my + mar my + myr

The structure as a whole can be regarded as a SDOF system, as the displacement and
velocity of m; and m; are connected by the transmission device. Equation (6) represents a
standard differential equation for a SDOF system. To simplify the expression, the constant
term in Equation (6) is substituted as below:

M = my + myr?
C=c1+o(r+1)? (7)
K=k +k2(7’+1)2

where M, K, and C represent the generalized mass, generalized spring coefficient, and gen-
eralized damping coefficient, respectively [39]. Assuming the external excitation function
is harmonic oscillation, the X, acts upon the following proposed dynamic system:

Xg = a-sin(0t) (8)

where a and 6 represent the amplitude and frequency of the input acceleration, respectively.
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The analytical solution of Equation (6) can be expressed as follows [42]:
X1 = X¢ + Xs )

where x; and x; denote transient response and steady-state response, respectively. The
explicit formulas for x; and xs are presented as follows:

x¢ = [P-cos(wpt) +p-sin(wpt)] -exp( — Ewt) (10)

xs = R[(1— p*)sin(6t) — (2&B)cos(6t)] (11)

The parameters utilized in Equations (10) and (11) are listed as follows:

w=VK/M (12)

B=0/w (13)
¢ =C/w(2Muw) (14)
wp = wy/1—¢2 (15)
_ —ma 1
8=k o e 1
P =2R&B + x1(0) 17)
fload = 9/(27T) (18)
p=[v1(0) + Ewx1 (0) +28%wPR — OR(1 — B?)] /wp (19)

where x1(0) and v1(0) represent the initial displacement and velocity of mass m;, respec-
tively; w signifies the undamped natural circular frequencies of SAOD-LS;  denotes the
frequency ratio; ¢ stands for the damping ratios; wp indicates the damped natural circular
frequencies of SAOD-LS; and fj,,; designates the natural frequency of the applied load.

2.3. Validation of SAOD-LS Motion Equation and Its Performance Comparison with AOD

To assess the correctness of the SAOD-LS equation of motion and to compare its
damping effect with that of AOD, we utilize Example 1, whose parameters are listed in
Table 1.

Table 1. Values of parameters in Example 1.

my (kg) my (kg)

k1 (N/m) ko (N/m) c1 (Ns/m) ¢ (Ns/m) x1 (0) (m) 01 (0) (m/s) f10aa (Hz) a (m/s?) r

1000 40

100,000 4000 100 40 0 0 1.27 -3.8 4

In Example 1, the theoretical displacement solution of m1, designated as x;-Case 1, is
derived using Equation (9). To validate the motion equation of SAOD-LS, we utilize the
FE approach, and the result is denoted as x;-Case 2. In this FE modeling, m; and m; are
represented using mass elements; the connecting rod is represented using a link element.
Regarding the modeling method and boundary conditions, the one terminal of k; and ¢;
is connected to my, while another terminal is connected to the ground. The transmission
device is emulated by controlling the forced displacement relationship between 1 and m;.
The one terminal of k; and ¢, is connected to m7, while another terminal is connected to
my. Additionally, the time-history displacement results of AOD, obtained through the FE
method, are labeled as x1-Case 3. The parameters for Case 3 are detailed in Table 1, with
the only distinction being that Case 3 employs the AOD structure instead of the SAOD-LS
used in Case 1 and Case 2. The results are visually represented in Figure 2.
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Figure 2. Time-history displacement response x;.

The maximum discrepancy between x;-Case 1 and x;-Case 2 is 0.143 mm. The con-
sistency observed between Case 1 and Case 2 suggests that both the SAOD-LS motion
equation and its analytical solution are accurate. Additionally, only in Case 1 and Case 2 of
this paper, the peak displacement of 17 in SAOD-LS is noticeably smaller compared to that
of AOD. Only by adjusting the AOD connection mode, without any modifications to the
model parameters, can we achieve this reduction. Specifically, by comparing Equation (5)
from this study with Equation (10) from [39], one can observe that the amplification factor
for ¢ in C of SAOD-LS has been enlarged from 72 to (r + 1)?, similarly to the augmentation
of ky in K.

3. Composition and Working Principle of the NSD
3.1. Components and Derivation of Constitutive Equation for NSD

The NSD is a nonlinear spring device that incorporates connecting rods and linear
springs arranged in a diamond pattern. It is primarily composed of four connecting rods,
four hinges (Hinge A—D), a hinge-linked spring (Spring A), a spring without a hinge-
linked spring (Spring B), and a cradle. These rods, functioning as truss elements, are
interconnected via the hinges. Spring A is connected to Hinge A and Hinge C at its two
ends, while a cradle is positioned in the middle of Spring A to hold Spring B. In the
NSD’s initial position, where no external forces are applied and there is no displacement at
terminals A and B, the terminals of Spring B maintain a preset distance from Hinges B and
D. A detailed visual representation of the NSD'’s structure is depicted in Figure 3a.

Terminal B

Cradle Spring A

Connecting rod

Spring B

Terminal A

(a) (b)

Figure 3. The NSD’s diagram of (a) structural form, (b) geometric parameters.

The NSD operates similarly to a spring with changing stiffness, and we view it as
an integrated unit. To delineate the relationship between the equivalent external force,
denoted as F, and the tension (or compression) of the NSD, represented by z, we introduce
the following parameters: k, signifies the stiffness of Spring A, while kg corresponds to the
stiffness of Spring B. Additionally, /; designates the length of the connecting rod, I; denotes
half of Spring B’s length, and /3 represents half the distance between Hinge B and Hinge D.
Given the NSD’s symmetry, it is advisable to consider Terminal A as the stationary terminal
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and Terminal B as the mobile one. As a result, F and z represent the force and displacement
at Terminal B, respectively. For detailed parameter specifications, please refer to Figure 3b.

In this paper, it is clearly stated that when the NSD is under tension (specifically,
when Terminal A and Terminal B are moving apart), z assumes a positive value (z > 0);
otherwise, it becomes negative (z < 0). The value of z can be categorized into two distinct
stages: the first ranging from —2(I3—1I,) to 2(l; —I3) and the second from (—2/3) to —2(I3—1I,).
These two stages correspond to two distinct situations: the first represents the NSD not in
contact with Spring B, while the second represents the NSD in contact with Spring B. The
relationship between F and z can be determined by applying the mechanical equilibrium
equation for Hinges C and D, which are successively aligned. Following is an explanation
of this relationship:

F— { [ZkA-Zp-(l4 — 15)] /l5 —2([3 — lz) <z < 2(11 — 13) (20)
[ZkA~Zp~(l4 — 15)} /I5s+ Fp 23 <z< =2(l3—1)

The parameters used in Equation (20) are detailed below:

Iy = 24/ 112 — 152 (21)

zp=N+05z (22)
Is =2y/1% — z,? (23)
Fp = kp:[z+2(l3 — )] (24)

3.2. Verification of the Functional Relationship between F and z

To validate the accuracy of Equation (20), the NSD is evaluated using FE analysis. The
parameters chosen for this simulation, specifically for Example 2, are as follows: The spring
constant k4 is set to 97 kN/m and kp to 221.8 kN/m, with lengths /1, I, and I3 being 0.3 m,
0.1 m, and 0.2 m, respectively.

In the FE modeling process, initially, we make the assumption that the model is a two-
dimensional planar model. The connecting rod is represented using a truss element, Spring
A is modeled as a standard spring element, and Spring B is simulated as a nonlinear spring
element. Given the NSD’s symmetry, it is advisable to consider Terminal A as the stationary
terminal and Terminal B as the mobile one. So, assuming that all degrees of freedom of
Terminal A are completely restricted. Terminal B undergoes forced displacement in the
z-axis as illustrated in Figure 3b, and multi-step loading is facilitated by setting the number
of displacement increments. By calculating the reactive force at Terminal B, we obtain the
FE numerical solution for F. A comparison between the FE solution and the analytical data
derived from Equation (20) is presented in Figure 4.

Figure 4 demonstrates the validity of Equation (20). Consistent with the analysis
conducted using Equation (20), during compression of the device, F can be decomposed
into two components: the component force from Spring A and the potential force from the
highly stiff Spring B. During tension, while Spring B remains inactive, it becomes apparent
that the change in angle of the connecting rods within the NSD leads to a notable increase
in F.

In practical applications, the force and displacement of the required NSD should
be calculated. Then, using Equation (20), the appropriate stiffness coefficient and stroke
of Spring A and Spring B, as well as the connecting rod length, should be determined.
Finally, the structure of the NSD will be ascertained. Materials have become more and more
important in terms of high-strength spring steel [43], and a wide variety of high-strength
spring steels are available to satisfy demand. For example, Chen et al. discovered that
555iCrVND had good yield strength and tensile strength after treatment [44].
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Figure 4. The relationship between the equivalent external force, F, and the tension (or compression)
of NSD, z, obtained through FE simulations and theoretical derivations.

4. Comparison of Shock Absorption Performance between SAOD-NSD and SAOD-LS

Figure 5 presents the mechanical model diagram of the SAOD-NSD, which is created
by replacing the NSD with the constant value k; of SAOD-LS. The only distinction between
SAOD-NSD and SAOD-LS would be the secondary spring k;. In the SAOD-LS, k; is an
ideal spring with a certain stiffness coefficient, but in the SAOD-NSD, k; refers to the NSD
presented in Section 3.

N
m
_|:|—
OO ¢ k
e
m; S oy e

Cy
[@)] )

Figure 5. Schematic diagram of SAOD-NSD.

To provide a clearer understanding of the exceptional damping abilities of the SAOD-
NSD, we have selected Example 3 for illustration in this section. The parameters for the
SAOD-LS and external excitation are set based on the values listed in Table 2.

Table 2. Values of parameters in Example 3.

my (kg) my (kg) k1 (kN/m) kp (kN/m) ¢1 (Ns/m) ¢ (Ns/m)  x; (0) (m) v1 (0) (m/s) a (m/s?) r
29,485 300 3800 1389.4 3740 237 0 0 -5 3

By differentiating Equation (20) with respect to z, we can derive a function that
describes the NSD’s equivalent stiffness, which corresponds to a specific z. This enables us
to ascertain the equivalent stiffness for a particular set of geometric parameters (specifically,
l1, Iy, and I3) and spring constants (k4 and kg). Referring to Example 3, Table 3 outlines
the NSD parameters as mentioned. The NSD equivalent stiffness is calculated to be
1389.4 kN /m, which coincides with the SAOD-LS k; in Table 3.
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Table 3. Values of NSD parameters in Example 3 and Case 6 of Example 4.

ka (kN/m) kg (kN/m) I; (m) I; (m) I3 (m)
47.25 2425.85 0.80 0.35 0.40

Using Table 2 and Equation (7), it can be determined that the natural frequency of
SAOD-LS (fsaop-1s) is 4.53 Hz. In Example 3, the value of f,,; falls within the range of
0.95 fsaop-Ls to 1.05 fsaop-Ls, which is classified as the near-resonance region according to
reference [45].

The value x1,,,, is defined as the peak value of the m;’s time-history displacement
response to external excitation. Figure 6 compares the x1,,,, curve between the SAOD-NSD
and the SAOD-LS under 50 s harmonic loads at different frequencies (i.e., fio;7). In this
instance, X1,y is calculated by the FE method. During the FE modeling process, the NSD is
integrated into a spring element that exhibits nonlinear behavior depicted in Equation (20).
The other modeling methods remain consistent with those used in Example 1.

192

- - SAOD-NSD
168 - SAOD-LS
144 1

120

X1 max(mm)

96 -

72

=

p 7 S 2—2$ —————————

O 1 1 1
430 439 448 453457 466 475
Jioad(Hz)

|
|
|
162 %
|
|
|
|
|
|
|
|
|

Figure 6. x1,,, comparison of SAOD-NSD and SAOD-LS. In this modeling, the exact resonance
frequency (4.53 Hz) is shown by the red dash line, and the values of SAOD-NSD and SAOD-LS’s
X1max at exact resonance are represented by the symbol

Figure 6 clearly illustrates that at the exact resonance point, the x1,,,, of the SAOD-
NSD is 22 mm, notably less than the 162 mm observed in the SAOD-LS. Throughout the
entire near-resonance region, the x1,,,, of the SAOD-NSD remains below 40% of that of
SAOD-LS. This indicates that the NSD exhibits exceptional damping effectiveness in the
near-resonance region.

Similar to many SDOF dampers, time-history analysis reveals a distinct resonance
phenomenon when the parameters of the SAOD-LS and external stimulation remain con-
stant. In addition, despite the SAOD-NSD demonstrating resonance-like characteristics, its
resonance peak can be significantly reduced. This study utilizes Example 4, which involves
three distinct cases [40].

Case 4 is the classic SDOF mass-spring-damper system, as depicted in Figure 1.6.1a
in [46]. In Case 4, the mass (1) is set at 29,485 kg, the spring constant (k1) at 3800 kN/m,
and the damping coefficient (c1) at 3740 Ns/m. Please refer to Figure 7 for schematic
sketches depicting Case 5 and Case 6. The main structural forms of Case 5 and Case 6 are
exactly the same, except for the fact that ky and k3 in Case 5 are LSs (i.e., linear springs),
whereas in Case 6, they are NSDs (i.e., the nonlinear spring devices).
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Case Number —:)L
k;

Case 5 —WW—
Case 6 —A é /A /(7\_k’

Figure 7. Schematic diagram of Case 5 or Case 6.

In Case 5, the values of k, and k3 are set at 1389.4 kN/m. As for Case 6, the NSD
parameters k; and k3 are consistent with the values specified in Table 3. Additionally, the
external excitation in Example 4 is represented by the formula x; = —38sin(27-1.81t). For
further details on the other parameters of both Case 5 and Case 6, please refer to Table 4.

Table 4. Values of other parameters of Case 5 and Case 6 in Example 4.

my (kg)

my (kg)

m3 (kg) k1 (kN/m) c1 (Ns/m) ¢y (Ns/m) c3 (Ns/m) o 3

29,485

19,165

19,165 3800 3740 237 237 3 3

The natural frequencies of Case 4 and Case 5 are both 1.81 Hz, thereby satisfying
resonance. The main objective of Case 6’s structure design is to minimize the impact of the
force change of NSD during both the tension and compression stages. The organization
of Case 5 facilitates the comparison of Case 6. The NSD’s equivalent stiffness in Case 6
is identical to that of Case 5, making both cases comparable. Figure 8a displays the time-
history displacements of m; in Case 4, Case 5, and Case 6, specifically for the first 12 s. The
FE technique is used to calculate the results. We use NSD for a nonlinear-spring element.
The following modeling steps are identical to those in Example 1.
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Figure 8. Example 4 result comparison: (a) time-history displacement response of ;. - reflects the
X1mayx (i-€., the maximum time-history displacement of primary mass ;) within the initial 12 s of this
case; (b) amplitude spectrum result.

Figure 8a demonstrates that in Case 5, the SAOD-LS exhibits a notable damping effect
at resonance, resulting in a reduction in the displacement peak at resonance. In comparison,
the peak resonance of the SAOD-NSD in Case 6 appears lower. Meanwhile, the time-history
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response indicates that the SAOD-NSD exhibits a resonance-like phenomenon, but with a
significant reduction in its response peak.

Subsequently, aiming to facilitate a more in-depth investigation of the damping mech-
anism of the NSD in comparison to LS, the amplitude spectrum is employed for analyzing
both the frequency components and the amplitude of the response. The m; displacement
responses of Case 4, Case 5, and Case 6 during the first 300 s are subjected to Fourier
transformation. We analyze the amplitude spectra of the filtered data and present the
results in Figure 8b.

Upon examination of Figure 8b, it is evident that the frequency of 1.81 Hz corresponds
to both the natural frequency of the structure and the frequency of external excitation in
Case 4 and Case 5. Notably, the peak value at Point B (Case 5) is considerably lower than
that at Point A (Case 4), corroborating the results obtained through time-history analysis.

Given that the equivalent stiffness of the NSD in Case 6 is equal to the stiffness of
the LS in Case 5, it can be inferred that the frequency at Point D in Case 6 is also 1.81 Hz.
Additionally, the NSD contributes to Point C, which displays a greater amplitude than Point
D. When comparing Case 5 and Case 6, it becomes evident that the NSD not only consumes
low-frequency energy but also demonstrates remarkable energy dissipation capacity.

To gain a deeper understanding of how amplitude spectra evolve over time, the evolu-
tionary power spectral density (EPSD) method has been adopted. Since both Case 4 and
Case 5 in Example 4 are SDOF structures, their EPSD results exhibit substantial similarity.
Therefore, there is no need to analyze them separately in this context. Consequently, we
have generated a graph illustrating the EPSD outcome specifically for Case 6 over the initial
420 s, as depicted in Figure 9.
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Figure 9. Amplitude spectrum in Case 4, Case 5 and Case 6.

By investigating Figures 8b and 9 together, it becomes evident that the highest energy
consumption at Point C, caused by NSD in Figure 8b, is more effective than that at Point
D at the beginning. However, the peak energy consumption at Point C decreases over
time. Nonetheless, in practical seismic problems, the displacement peak typically occurs
during the initial several minutes of vibration, known as the transient term. Therefore, the
practical application of the NSD to vibration concerns remains valuable.

In summary, the SAOD-LS demonstrates a significant capacity to reduce the peak
amplitude of the response. As for the SAOD-NSD, although the NSD cannot fully eliminate
the resonance effect, it still manages to notably diminish the maximum amplitude of
the response.

5. Damping Performance of SAOD-LS and SAOD-NSD in an Actual Bridge Example

To illustrate the profound effect of the SAOD-LS and SAOD-NSD in mitigating vibra-
tions of real bridge structures, in this section, the FE calculation of a six-span continuous
beam bridge (i.e., the Puwan 14th Bridge in the Puwan New Area of Dalian) is taken as
Example 5. This bridge is a twin-deck concrete continuous beam bridge that plays a vital
role in Puwan New Area’s transportation network.
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As shown in Figure 10, Example 5 has a span arrangement of 70 m + 120 m + 120 m +
120 m + 70 m, summing up to a total length of 500 m. The piles, piers, and main girder were
constructed using concrete grades C30, C40, and C50, respectively. The seismic fortification
intensity for Dalian stands at 8 degrees, with a corresponding design seismic acceleration
peak value of 0.2 g [47-49].

120 60

goraevel z " R . . > _gSealevel | |

-1.500

Center Line

Figure 10. General layout of half of Example 5 (units: m).

The El Centro wave, scaled to a magnitude of 2.1 times, was selected as the external
excitation for our analysis. We conducted a comparative study on the displacement of
the main girder in three different cases: the original bridge (labeled as Case 7), the bridge
equipped with two identical SAOD-LS devices on both abutments (Case 8), and the bridge
equipped with two identical SAOD-NSD devices on both abutments (Case 9). Regarding
the SAOD-LS and SAOD-NSD, it can be considered that the main beam of the bridge is
the primary structure, while the transmission device can be positioned on the abutment.
Additionally, the secondary structure can be located within the bridge’s box-girder. This
arrangement effectively addresses the challenge of installing the secondary structure of the
AOD. The specific parameters chosen for the SAOD-NSD devices in Case 9 on one side of
the abutment are presented in Table 5.

Table 5. Values of one-side-abutment parameters of Case 9 in Example 5.

my (t)

¢ (Ns/m)

o ka (KN/m) kg (KN/m) I7 (m) I (m) I3 (m)

180

0

5 81.30 81.30 0.73 0.38 0.40

Apart from the k; of the SAOD-LS in Case 8, which is precisely set to 100 kN/m, all the
other parameters for the SAOD-LS in Case 8 are identical to those in Case 9 (i.e., my = 180 t,
¢ =0Ns/m and r, =5). We compute the displacement and force results in Section 5 using
the FE method. The general FE modeling method (i.e., the finite element analysis) for beam
bridges models the Puwan 14th Bridge part. The modeling methods for the SAOD-LS
and SAOD-NSD are similar to Example 4, with the distinction that the main girder of the
bridge is treated as the primary structure, including m;, c1, and k;. Figure 11 illustrates a
comparison of the main girder’s time-history displacement response during the first 10 s
for Case 7, Case 8, and Case 9.

After researching Figure 11, it is observed that within the first 10 s, the maximum value
for x1-Case 7 reaches 17.93 cm, while x;-Case 8 is 13.55 cm (reflecting a seismic reduction
rate of 24.43%), and x;-Case 9 is 13.15 cm (showing a seismic reduction rate of 26.66%).
This suggests that both SAOD-LS and SAOD-NSD exhibit exceptional shock absorption
capabilities for the actual bridge.

Note: seismic reduction rate = (maximum structural response without control — maxi-
mum structural response with control)/maximum structural response without control [50].

A vibration reduction system with remarkable robustness implies that, under different
types of seismic waves, the system demonstrates superior damping performance. Therefore,
in the following study, we selected three near-field and three far-field seismic waves [51-54],
listed in Table 6.
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Figure 11. Comparison of the main girder’s time-history displacement response for Case 7, Case 8,

and Case 9.

Table 6. The seismic waves selected in Example 5.

Type

Seismic Wave Number

Seismic Wave Name

Far-field

1

El Centro

Chi Chi, Chiayi Taiwan China #CHY086

Loma Prieta, Hayward—Bart Sta.

Near-field

N Ul W

Landers
Northridge
Kobe

We calculate the seismic reduction rate for the main girder displacement and the
bending moment at the bottom of the middle pier equipped with the SAOD-LS and SAOD-
NSD, respectively. Figure 12 illustrates that the SAOD-LS and SAOD-NSD exhibit effective

damping properties against various types of seismic waves, indicating their outstanding
robustness as damping devices.
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Figure 12. Seismic reduction rate of (a) the main girder displacement; (b) the middle-pier-bottom

bending moment.

6. Concluding Remarks

In order to solve the problem of the secondary system arrangement and improve the
damping efficiency of the AOD with equivalent values of parameters (i.e., Improvement
needed 1 mentioned in Introduction), this paper introduces the SAOD-LS, in which the
secondary spring and damper are connected to the primary structure. We derive the
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SAOD-LS system’s motion equation from the Lagrange Dynamic and verify it using the FE
approach. The SAOD-LS demonstrates a significant capacity to reduce the peak amplitude
of the response. Considering that in practical applications, r can reach about 10, raising
r will further improve the damping performance [40]. As a result, the SAOD-LS offers a
wide range of useful applications. SAOD-LS’s rapid response to providing the damping
effect is a significant mechanical characteristic that is strongly tied to its unique nature as a
SDOF damper. Future anti-ice collisions on piers may utilize this mechanical characteristic.

Additionally, an innovative nonlinear spring device (NSD) was proposed, wherein
connecting rods and linear springs are arranged in a diamond pattern. Its constitutive
relationship can be expressed as a piecewise function, which is checked by the FE analy-
sis. In summary, the device exhibits the following mechanical characteristics: when the
relative displacement between the NSD’s two terminals is small, the force (F) is also small;
however, if the relative displacement between the NSD’s two terminals is large, the device
will generate a considerably large force (F). The device lays the groundwork for future
applications in fields such as civil engineering and machinery. For instance, in the context
of controlling displacement and force along the longitudinal direction of the bridge, it
enables the controlled release of small displacements caused by temperature changes and
regular vehicle loads. However, in the event of abnormal excitations, such as earthquakes,
the device exerts significant force to prevent excessive displacement of the main girder.

Also, in order to realize the Improvement needed 2, mentioned in Introduction, the
SAOD-NSD, which is an SDOF system made by combining the NSD and SAOD-LS, has
a much better damping effect in the near-resonance area than the SAOD-LS. At exact
resonance, the SAOD-NSD exhibits a resonance-like phenomenon, but the peak value of
the response is much smaller. When the characteristic frequency of an earthquake closely
matches the natural frequency of the structure, the utilization of NSD for shock absorption
becomes highly significant. It is noteworthy that while Case 3 in Example 4 fully utilizes
the nonlinear stage of the NSD, it also stays within the maximal applicability range of the
NSD. In future research, on the one hand, it is crucial to ensure a sufficient safety margin
for NSDs to prevent damage from excessive force. On the other hand, it is critical that we
make great efforts to ensure that NSD’s strong nonlinear stage plays an active role in the
task. Otherwise, the NSD cannot fully utilize its distinctive features.

Last but not least, this research studies the potential application of the proposed
SAOD-LS and SAOD-NSD to a practical bridge project, demonstrating that both devices
effectively absorb shocks in practical applications. By analyzing the response to various
seismic waves, it is evident that both devices exhibit strong robustness.

It is noteworthy that the SAOD-LS and SAOD-NSD also have certain restrictions on
their applications. With the SAOD-LS as an example, engineers ought to calculate the
values of M, C, and K in the Equation (7) for practical use while designing the device.
Practical engineering generally establishes 111, k1, and cy, so the focus should solely be on
determining the values of m,r?, ky (r + 1)?, and ¢, (r + 1). The approach presented in this
study attempts to determine the values of m;, kp, and c; under the condition of a constant r.
Determining the values of my, kp, and c; first, and then figuring out #’s value, is particularly
easily accessible for engineering practice. In subsequent investigation, it appears that this
issue can be resolved by adjusting the values of 7,5, 12, and .y, (i-e., different r for my, k,
and ¢y).

This study has also laid the groundwork for future research. Simultaneously, it is
hoped that this study will lead to new insights into bridge earthquake resistance.
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