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Abstract: (1) Background: In most cases, passive isolation control methods are commonly used for
the seismic isolation design of bridge engineering. However, for passive seismic isolation devices,
due to their non-adjustable performance parameters, it is challenging to achieve a good seismic
isolation effect for structures under random and variable seismic loads in the wide frequency range
of 0 Hz to 20 Hz; (2) Methods: the sensitivity of the design parameters of the seismic isolation
bearing was analyzed using the optimization center gradient method, and an improved genetic
algorithm was employed to quickly optimize and obtain the optimal design parameters; (3) Results:
the effectiveness of the three-dimensional seismic isolation bearing was validated through
experiments. (4) Conclusions: The multi-factor sensitivity analysis approach used in this study for
designing novel isolation bearings is applicable not only to seismic design in bridges but also serves
as a reference for parameter design in isolation bearings requiring medium to high precision in
seismic performance.

Keywords: three-dimensional seismic isolation bearing; bridge engineering; sensitivity of the
design parameters; improved genetic algorithm; good seismic isolation effect

1. Introduction

Since the Wenchuan earthquake in 2008, seismic protection measures for structures have
gradually shifted from the traditional seismic design of “using rigidity to overcome rigidity” to the
seismic isolation design of “using flexibility to overcome rigidity.” The theoretical goal of seismic
design in Chinese bridge engineering has evolved from conventional seismic design to seismic
isolation design, as well as enhancing the resilience of post-earthquake structures [1-3].

In recent years, theoretical, numerical simulation, and experimental research on bridge seismic
isolation design have been conducted by many scholars. For example, in terms of theoretical research,
Liu et al. [4] summarized the nonlinear quasi-zero stiffness theory for the design of seismic isolation
devices for structures. Wakjira et al. [5] developed performance-based seismic design theory for
predicting drift ratio limit states of UHPC bridge columns. In terms of numerical simulation, Guo et
al. [6] proposed a novel socket self-centering bridge pier with a hybrid energy dissipation system and
evaluated the seismic response through the finite element method. Gao et al. [7] designed a new bi-
directional seismic protection device for bridge engineering and simulated the mechanical behavior
of the device during real earthquake conditions using numerical simulation. Nagarajaiah et al. [8]
presented an analytical model and a solution algorithm developed for nonlinear dynamic analysis of
three-dimensional base-isolated structures with elastomeric and/or sliding isolation systems. In terms
of experimental research, Wang et al. [9] proposed a gap SMA-NSD-FPB isolation bearing and
analyzed its isolation performance through experiments. Lei et al. [10] established a new seismic

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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damping system using viscous dampers for cross-sea cable-stayed bridges in deep water
environments and designed experiments to verify the reliability of the seismic isolation effect. So far,
seismic isolation devices have played an important role in enhancing wind and earthquake resistance
in bridge structures.

In most cases, passive isolation control methods are commonly used for the seismic isolation
design of structures [11-13]. From the above research, it can be seen that the optimal isolation effect
of isolation devices is closely related to the mass, geometric dimensions, dynamic characteristics, site
environment, and external load characteristics of the isolated object [14-17]. To achieve the best
isolation effect for different isolated objects and seismic loads, it is necessary to design isolation
devices with varying performance parameters. Therefore, for passive seismic isolation devices, due
to their non-adjustable performance parameters, it is challenging to achieve a good seismic isolation
effect for structures under random and variable seismic loads in the wide frequency range of 0 Hz to
20 Hz [18-20].

In response to the issues mentioned above, a fuzzy optimization model for a new three-
dimensional seismic isolation bearing used in bridge engineering was established, and the
corresponding relationship between optimal seismic isolation performance and the coupling effect of
design parameters was studied. Firstly, the shape and parameters to be optimized for the three-
dimensional seismic isolation bearing were determined through a topology optimization method.
Subsequently, a quantitative function was established with the optimization objective of minimizing
the acceleration transfer rate. Then, the sensitivity of the design parameters of the seismic isolation
bearing was analyzed using the optimization center gradient method, and an improved genetic
algorithm was employed to quickly optimize and obtain the optimal design parameters. Finally, the
effectiveness of the three-dimensional seismic isolation bearing was validated through experiments.

2. Design Principles

2.1. Mechanical Model of the Three-Dimensional Seismic Isolation Device

The three-dimensional seismic isolation system includes horizontal bidirectional and vertical
isolation. In the design of the isolation device, a symmetric design is considered for the horizontal
bidirectional aspect; therefore, the mechanical model of the three-dimensional seismic isolation
device is simplified to a unidirectional horizontal and vertical model, as shown in Figure 1.
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Figure 1. Simplified mechanical model of a three-dimensional isolation device.

In this mechanical model, m1 represents the mass of the isolated object, while m2 denotes the
mass of the three-dimensional seismic isolation device. The parameters k1 and k2, as well as c1 and c2,
reflect the stiffness and damping characteristics of the isolation device coupled with the lower load-
bearing structure in the vertical and horizontal directions, respectively. Similarly, ks and ks, along
with ¢s and cs, represent the stiffness and damping characteristics of the isolation device coupled with
the upper isolated object in the vertical and horizontal directions.

The degrees of freedom of the isolated object in the horizontal and vertical directions are denoted
by x1 and y1, respectively, while the degrees of freedom of the three-dimensional seismic isolation
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device in the horizontal and vertical directions are represented by x2 and y2. The motion differential
equations are listed as shown in Equation (1).

m 0 0 0| X% ¢, - 0 0 X, k, -k, 0 0 X, 0

0 m 0 O0|% -, ¢ +c, O 0 X, -k, ky+k, O 0 X, mya,(t) 1
+ + =

0 0 m 0|y 0 0 ¢ || » 0 0 k, =k || » 0 @)

0 0 0 m|ly, 0 0 - ot || P, 0 0 —ky k+k ||y, mya, (t)

The dynamic response at any given time can be calculated using the Newmark method based
on Equation (1).

2.2. Topology Optimization Model of the Three-Dimensional Seismic Isolation Device.

Passive seismic isolation devices include various types such as groove track isolation devices,
ball-type isolation devices, sliding rail isolation devices, spherical track isolation devices, load-
bearing isolation devices, and combined rubber isolation devices [21]. The lead-core rubber seismic
isolation bearings are commonly used in bridge engineering [22], as shown in Figure 2.

Figure 2. The lead-core rubber seismic isolation bearing.

Based on existing rubber seismic isolation bearings, a new type of three-dimensional seismic
isolation bearing with adjustable stiffness and improved isolation performance is proposed.

Firstly, the topology optimization model of the rubber seismic isolation bearing under specified
working conditions is obtained using the Evolutionary Structural Optimization (ESO) method [23].
The fundamental idea is to use stress as the optimization criterion: under loading conditions, the
lowest 1% of stressed elements are removed; then, the structure is reloaded, causing a redistribution
of stress, and the process continues by removing the lowest 1% of stressed elements repeatedly until
the total number of removed elements reaches a predetermined ratio. The initial topological shape of
the rubber seismic isolation bearing is designed as a cylinder, and its topology is optimized under
compressive shear loads.

When the element removal rate reaches 85%, the topology optimization result is shown in Figure
3.

Figure 3. Topological optimization model for the rubber seismic isolation bearing.

The topology optimization model obtained from Figure 3 is then converted into a parametric
three-dimensional seismic isolation bearing, with hollow cross-sectional dimensions hi, h2, [ and r as
the parameters to be optimized, as illustrated in Figure 4. Subsequently, optimization methods will
be employed to obtain the optimal parameters that enable the rubber seismic isolation bearing to
achieve the best seismic isolation performance.
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Figure 4. Schematic diagram of parameters to be optimized for the rubber seismic isolation bearing.

3. Multi-Parameter Optimization and Sensitivity Analysis Method

3.1. Mathematical Model for Multi-Parameter Optimization of the Three-Dimensional Seismic Isolation
Device

The objective of parameter optimization for the seismic isolation device is to find a set of
solutions that provide an overall optimal isolation effect against a series of vibrational loads.

According to Fourier series, any load can be decomposed into a linear combination of several
harmonic loads. For a seismic design intensity of 8 degrees, the peak acceleration value of the
designed harmonic vibrational load is set at 0.20g, with design load frequencies w ranging from 1 Hz
to 20 Hz, resulting in 20 sets of harmonic loads (independently applied in the horizontal and vertical
directions), expressed as:

a(t)=02gsinwt (@ =1,2,..20) 2

Under the i-th load set, the acceleration response at the top center node of the isolated object is
calculated as @, (). The acceleration transmission ratio of the isolated object at any given moment is

defined as:

at)
() = "2 x100%
n,(t) a.(t)x / 3)

1

Thus, the mathematical model for this problem is to find a set of design parameters such that
the following objective function is satisfied:

Obj : min W(X) = maX{T?l (t)a 772(t)9"'> 7720(0}
X ()= {11} ()

SE X i SX S X

1max

where W(X) represents the objective function, and X denotes the discrete design variables.
The physical significance of this objective function is that when the design load frequencies are
taken as specified, the acceleration transmission ratio 77,(f) of the isolated object can be obtained at

any moment, leading to the determination of the maximum acceleration transmission ratio
max {77,(¢)} . The objective function seeks to find the optimal set of parameter solutions X* that

minimizes the maximum acceleration transmission ratio max{s,(¢)} corresponding to the 20

different load frequencies under their respective working conditions.

3.2. Multi-Parameter Identification Based on Improved Genetic Algorithm

Genetic algorithms are intelligent optimization algorithms known for their strong global search
capabilities and high computational efficiency, making them particularly advantageous for solving
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unimodal optimization problems. However, directly applying the basic genetic algorithm to solve
multimodal optimization problems can lead to convergence at local optima (a phenomenon known
as “premature convergence”), making it difficult to achieve global optima [24]. Since the optimization
of design parameters for the three-dimensional seismic isolation device may be a multimodal
optimization problem, it is necessary to improve the basic genetic algorithm to address its
shortcomings.

The operational process of the basic genetic algorithm includes the following steps:

Step 1: Variable Encoding: The commonly used binary encoding method represents variable x:
as bib1...b2b1 (where bi = 0 or 1), with its corresponding value given by:

! i x‘max —X. .
x:ximin-"_(Zbi.2 1).% (5)
i=1 -

Step 2: Population Initialization: The population of the t-th generation is denoted as P(t). All
individuals in the initial population P(0) are randomly generated.

Step 3: Fitness Calculation: The fitness of each individual in the population P(t) is calculated to
determine the probability of its genetic contribution to the next generation. Since this problem is a
minimization problem, the relationship between the fitness function F(X) and the objective function
W(X) is established as:

1

PO

(6)

Step 4: Selection and Genetic Operations: Selection is performed based on the proportion of
individual fitness within the overall fitness (using a roulette wheel method), followed by crossover
and mutation operations according to preset probabilities to obtain the next generation population
P(t+1).

Step 5: Steps 3 and 4 are repeated iteratively until ¢t exceeds the preset maximum number of
generations T.

To improve optimization efficiency and overcome the “premature convergence” issue of the
basic genetic algorithm, the following enhancements are proposed:

(1) Establishment of a small habitat algorithm with fusion mechanism:

After each generation of evolution, implement a “last position replacement” mechanism within
each small habitat, eliminating the worst individual of that generation while ensuring that the best
individual from the previous generation automatically enters this generation. This ensures that the
optimal individual in the next generation is not worse than that of the previous generation, allowing
the genetic algorithm to continuously evolve towards optimality without regressing.

Implement an “inter-habitat exchange” mechanism, where the second-worst individual in the i-
th small habitat is eliminated, and the best individual from the (i-1)-th small habitat automatically
enters the i-th small habitat. This increases population diversity and reduces the probability of the
genetic algorithm converging to local optima.

(2) Establishment of a method for identifying global optima in multimodal problems:

Let Ai be the peak point to which the i-th small habitat converges after evolution (with an
objective function value of Fi and corresponding variables Xi).

When there are sufficiently many small habitats, the point with the maximum objective function
value is likely to be the global optimum, denoted as A", with an objective function value of F* and
corresponding variables X".

By comparing each peak point Ai with A’, if Fiis very close to F" but Xi differs significantly from
X', then Ai is considered another global optimum distinct from A
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where a (0 <a <1) and j are pre-defined constants.

3.3. Multi-Parameter Sensitivity Analysis Based on Optimized Central Gradient Method

Next, sensitivity analysis will be conducted on each parameter to determine how changes in
each parameter affect the rate of change of the objective function. This provides a basis for fuzzy
optimization design and stiffness adjustment, focusing on parameters with high sensitivity while
applying fuzzy optimization to those with low sensitivity.

For the multi-parameter optimization problem of the three-dimensional seismicisolation device,
each parameter is interrelated, and their relationship with the objective function is nonlinear. If
traditional single-factor analysis methods are used, calculating the sensitivity of parameter xi
generally yields different results when other parameters take different baseline values. Thus,
evaluating the sensitivity of parameter xi loses significance.

Therefore, it is essential to use the optimal parameters (i.e., optimization center) as a baseline
and apply single-factor analysis methods (i.e., gradient methods) to calculate the sensitivity of each
parameter. The optimal parameters X" have been obtained through genetic algorithm optimization.
It has been found that the internal hollow dimensions of the three-dimensional rubber seismic
isolation device significantly affect its vertical stiffness. Thus, using the vertical stiffness Kv of the
isolation device as a sensitivity evaluation function allows for calculating the sensitivity value f{xi) of
each parameter xi using:

*

_ K (s X A% ) = K (e X0 X))
Ax,

i

S(x)

®)

To adjust the stiffness of the three-dimensional seismic isolation device, it is sufficient to modify
the values of design parameters with high sensitivity.

The flowchart for the initial design, multi-parameter optimization, and sensitivity analysis of the
three-dimensional isolation device is shown in Figure 5.

The topological optimization model of the isolation bearing was obtained
using the progressive structural optimization method, which was then
transformed into a design model characterized by quantifiable parameters.

v

The optimization objective was to minimize the wideband acceleration
transmission ratio, and the optimal design parameters for the isolation
bearing were obtained through an improved genetic algorithm.

v

The optimized central gradient method was employed to analyze the
sensitivity of each parameter, providing a basis for fuzzy optimization
design and stiffness adjustment.

Figure 5. Design process diagram of the three-dimensional isolation device.

Based on the parameter sensitivity design method, the following fuzzy optimization design
theory is established:
For design variables xi with low sensitivity, let @ <X; <b, while maintaining the other

variables at their optimal center values. If the following condition is satisfied:
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where W(X) is the objective function as shown in Equation (4), then the design value of variable xi
can be freely chosen. This allows the isolation device to exhibit good versatility for different isolated
objects, facilitating industrial processing.

4. Calculation Results and Experimental Validation
4.1. Optimal Solution Based on Improved Genetic Algorithm

The mass of the isolated structure is set to 80 kg. The total width of the three-dimensional seismic
isolation bearing is designed to be 150 mm, and the total height is 54 mm. The basic computational
parameters for the genetic algorithm are set as follows: the number of small habitats is 5, the number
of individuals in each population is 20, the crossover probability is 0.8, the mutation probability is
0.05, and the maximum number of generations is set to 6.

Through optimization using the improved genetic algorithm, after 6 generations of iteration, the
maximum acceleration transmission ratio at the top center of the isolated structure was reduced from
138.1% to 46.0%. The optimal design parameters for the hollow cross-section of the three-dimensional
seismic isolation bearing at this point are: i1 =10 mm, h2= 15 mm, [ = 24 mm and r = 16 mm. The
optimization iteration process of the genetic algorithm is shown in Figure 6.

WX) ! %
~, -=-A-=- Subgroup 1 —#— Subgroup 2 — % — Subgroup 3

140

120

100

80

60

40
20

Evolutional generation
0

0 1 2 3 4 5 6

Figure 6. Genetic algorithm optimization iteration process.

4.2. Sensitivity Calculation Results Based on Optimized Central Gradient Method

Using the optimal design parameters as the optimization center and the vertical stiffness Kv of
the isolation bearing as the sensitivity evaluation function, the calculation results are shown in Table
1.

Table 1. Results of sensitivities of parameters.

Parameters
h1 (mm) h2 (mm) I (mm) r (mm) Kv (mm/N)
10 15 24 16 225.6
8 15 24 16 229.2
12 15 24 16 222.1
10 13 24 16 227.5
10 17 24 16 223.6
10 15 22 16 242.3
10 15 26 16 209.1

10 15 24 14 224 .4
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From Table 1, it can be observed that among the four design parameters of the three-dimensional
seismic isolation bearing, their sensitivity ranks from high to low as follows: [ > h1> h2> r. Specifically,
vertical stiffness increases with an increase in r, while it decreases with increases in [, k1, and ho.
Therefore, if adjustments to the vertical stiffness of the isolation bearing are required, it is advisable
to first finely tune the parameter value of /, followed by a broader adjustment of [, h1, and ho.

4.3. Experimental Validation of Isolation Effect

The isolation bearing processed based on optimized parameters is shown in Figure 7.

Figure 7. The isolation bearing.

The vibration table experiment for the structure equipped with isolation bearings is illustrated
in Figure 8.

il
“ 1

Figure 8. Test experiment on isolation effect.

The isolation effect of the three-dimensional seismic isolation bearing was validated using EL-
Centro wave, Tianjin wave, and Tangshan wave. The displacement time history curves for both
cases—when isolation bearings are installed and when they are not—under these three seismic wave
excitations are shown in Figures 9-11.
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Figure 9. Displacement time history curve under EL-Centro seismic wave.
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0.010 - No Damper
With Damper]

0.005

0.000 §

Displacement (m)

-0.005

-0.010 -

Time (s)

(a) Bottom Layer


https://doi.org/10.20944/preprints202409.1387.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2024 d0i:10.20944/preprints202409.1387.v1

10

0.0010

0.0008 No Darnper
With Dampe

0.0006
0.0004
0.0002
0.0000 §
-0.0002

Displacement (m)

-0.0004
-0.0006 -
-0.0008 -

-0.0010
[d]
Time (5)

(b) Top Layer

Figure 11. Displacement time history curve under Tangshan seismic wave.

From Figures 9-11, it can be seen that the maximum acceleration transmission ratios for the
isolated structure under EL-Centro wave, Tianjin wave, and Tangshan wave are respectively 40.0%,
58.2%, and 41.1%, indicating that the three-dimensional seismic isolation bearing exhibits a good
isolation effect.

To better illustrate the advantages of the optimization method proposed in this paper, a
comparison with traditional design methods was conducted. Traditional design methods optimize
bearing parameters based solely on a specific frequency external load. For instance, optimizing the
design parameters of the isolation bearing solely for a harmonic load at a frequency of 3 Hz results
in a maximum acceleration transmission ratio of 68.2% when subjected to EL-Centro seismic wave; a
maximum ratio of 90.1% under Tianjin wave; and a maximum ratio of 69.4% under Tangshan wave.
This indicates that traditional design methods have limited effectiveness against random loads.

According to Fourier series theory, random loads can be decomposed into a linear superposition
of several harmonic loads, which cover loads ranging from 0 Hz to 20 Hz. The isolation bearing used
in this example optimally considers a total of twenty sets of harmonic loads ranging from frequencies
of 1 Hz to 20 Hz, with the optimization goal being to minimize the maximum acceleration
transmission ratio at the top of the structure under independent action from these twenty sets of
loads. Therefore, it demonstrates good performance against random seismic loads.

5. Conclusions

(1) By comprehensively considering multiple sets of harmonic loads covering frequencies from
0 Hz to 20 Hz, optimal performance parameters for the isolation bearing were designed to minimize
the maximum acceleration transmission ratio for various working conditions of the isolated object.
This design method ensures that the isolation bearing maintains good performance against real
seismic waves.

(2) Through an improved genetic algorithm (which includes a small habitat algorithm with a
fusion mechanism and a method for identifying global optima in multimodal problems), optimal
performance parameters for the isolation bearing were obtained. Using these optimal parameters as
a baseline, single-factor analysis methods (i.e., optimized central gradient methods) were employed
to calculate sensitivities for each parameter, providing a basis for fuzzy optimization design and
stiffness adjustment. During design, focus should be placed on parameters with high sensitivity while
applying fuzzy optimization to those with low sensitivity, thereby providing theoretical support for
unified customization and mass production in industrial applications.

(3) The multi-factor sensitivity analysis approach used in this study for designing novel isolation
bearings is applicable not only to seismic design in bridges but also serves as a reference for
parameter design in isolation bearings requiring medium to high precision in seismic performance.
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