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Abstract

In order to improve the seismic performance of bridge structures, bridge isolation
technology is increasingly innovating. However, current research is often limited by the
contradiction between vertical bearing stiffness and seismic isolation performance:
ensuring the daily operation of bridges requires high vertical stiffness load-bearing,
while seismic isolation requires low dynamic stiffness. In response to this contradiction,
this article proposes a Variable Stiffness Self centering Three dimensional Isolator
(VSSC3DI), which consists of three parts: a vertical quasi zero stiffness isolation module
and a lead core damper working together, and a combination system of friction
pendulum and shape memory alloy (SMA) twisted wire in the horizontal direction. This
article mainly studies the performance of vertical structures. By systematically
explaining the working principle of the isolation device, constructing a static model and
analyzing its force displacement relationship and the mechanism of quasi zero stiffness
formation; Furthermore, the dynamic response of the system under external excitation
was analyzed. Firstly, a corresponding nonlinear dynamic model was established, and
the amplitude frequency response characteristics were solved using the averaging
method. The excellent low-frequency isolation performance was confirmed through
parameter analysis.
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1. Introduction

As the core hub of modern transportation networks, the seismic performance of bridge
engineering is directly related to the social public safety system [1]. Therefore, it is crucial to
implement effective seismic isolation measures for bridge structures. With the continuous
development of bridge isolation technology, researchers have gradually realized that
traditional isolation devices cannot simultaneously meet the high stiffness requirements during
load-bearing and low stiffness requirements during isolation. In order to solve this
contradiction, quasi zero stiffness isolation technology with "high static and low dynamic"
stiffness characteristics has emerged [2].

In 1958, Molyneux et al. [3] optimized the structure of a positive stiffness elastic body;
Subsequently, Alabuzhev et al. [4] introduced a negative stiffness device based on linear springs.
Platus [5], Peng Xian [6-8], Lee et al. [9], Santillan et al. [10] designed various quasi zero stiffness
systems by changing different negative stiffness mechanisms, and conducted nonlinear time
history and energy analysis on them. Subsequently, Carrella et al. [11-12] designed a three
spring quasi zero stiffness isolator, which provided an effective solution for low-frequency
isolation.

The three spring structure quasi zero stiffness isolation device has shown significant
advantages in the field of isolation. However, the quasi zero stiffness stroke of this structure is
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relatively short, and the low-frequency isolation performance is limited. At present, the
improvement of three types of spring quasi zero stiffness isolation devices mainly includes
three aspects: optimizing damping characteristics, improving positive stiffness mechanisms,
and innovating negative stiffness mechanisms. The design of negative stiffness mechanisms is
the core of research on quasi zero stiffness isolators. In recent years, scholars have proposed
various new negative stiffness mechanisms. For example, Huang and Liu et al. [13] designed an
ultra-low frequency nonlinear isolation system composed of a sliding negative stiffness
mechanism parallel to the vertical mechanical spring, and Yang et al. [14] also studied the
dynamic behavior of nonlinear isolation systems with negative stiffness mechanisms. WS et al.
[15] first proposed the use of magnetic springs to design quasi zero stiffness systems and
verified their low-frequency seismic isolation performance through experiments. The results
indicate that these improved quasi zero stiffness isolators can achieve a larger isolation range
than ordinary three spring quasi zero stiffness isolators while maintaining ultra-low system
stiffness and load-bearing capacity.

The variable stiffness self resetting three-dimensional seismic isolator proposed in this article
achieves optimized design of negative stiffness in vertical structures by introducing a
combination of transverse pre compressed coil springs and segmented nonlinear tracks,
thereby ensuring significant improvement in seismic isolation performance while maintaining
vertical bearing capacity.Through theoretical analysis, a mechanical model of VSSC3DI was
established, and the force displacement and stiffness displacement equations of the system
were derived. Based on the established mechanical model, the dynamic equations of the
VSSC3DI system were further derived, and the second-order nonlinear differential equations
were solved using the averaging method to obtain the amplitude frequency response equation
and force transmission rate equation of the system. Parameterized research was conducted on
the amplitude frequency response and force transmission rate characteristics of the system.

2. Static Performance Analysis of VCSS3DI

2.1. Structure of VSSC3DI

The vertical structure of VSSC3DI proposed in this article is shown in Figure 1, mainly
composed of two parts: positive stiffness and negative stiffness. Negative stiffness is composed
of segmented nonlinear guide rails, intermediate support blocks, anti pull stop blocks,
horizontal preloading springs, sliders, and actuating rods, while positive stiffness is composed
of lead core dampers and vertical disc spring groups
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Fig 1. Structure of VSSC3DI

2.2. Working Principle of VSSC3DI

The overall stiffness of the classic three spring quasi zero stiffness isolation device consists of
two parts: positive stiffness and negative stiffness. As in Figure2(a), positive stiffness is
provided by linear springs, and negative stiffness is provided by transverse springs. Therefore,
it can be designed to exhibit zero stiffness at the equilibrium position. However, when the
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isolator is subjected to static loads or small deformations, this design may lead to issues of low
stiffness and weak load-bearing capacity. The vertical mechanism of the seismic isolator
proposed in this article can improve this situation through reasonable design. As shown in
Figure2(b), the force displacement relationship of the seismic isolator exhibits a variable
stiffness characteristic of "high low high" in the vertical direction through the influence of
segmented nonlinear tracks and horizontal spring groups. This characteristic enables the
seismic isolator to maintain low stiffness over a wide range of displacements, while also having
good load-bearing capacity over a small displacement range.
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Fig 2. Composition of force displacement relationship between QZSI and VSSC3DI

2.3. Static Characteristics of VSSC3DI
2.3.1. VSSC3DI Mechanical Model

Figure 3 shows a simplified mechanical model under the action of the isolated object M, where
R is the radius of the curved track and [, is the length of the vertical end track, k;, is the stiffness
of the pre compressed disc spring in the horizontal direction, 6}, is its compression amount in
the horizontal position, k, is the stiffness of the vertical linear spring, 6, is the compression of
the vertical linear spring of the isolated object M in the horizontal direction, a=k; /k,, let the
friction coefficient of sliding on the guide rail be u. In this state, the isolated object is only
subjected to the restoring force generated by the vertical spring compression, thatis, mg = 6k,.
This component has been balanced, so there is no need to consider it again when deriving the
force displacement relationship below.
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Fig 3. VSSC3DI Mechanical Model
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Due to the fact that the direction of frictional force changes when the slider moves along a
segmented nonlinear track, and the horizontal pre compression spring can only generate
vertical force in the arc segment, segmented analysis is necessary.

According to the mechanical model shown in Figure 3, the force displacement relationship and
geometric relationship of the system can be obtained:

E =kx (1a)
) lyvaw, 1 IR
By =2k, (8, —(R—|R" = (x =) N (x =) (1b)
2 R 2
_ 2 lyvavye 1 2 ly\>
F, =241k, (8, = (R— | R* = (x =2 )(—, [ R* = (x=2)?) (1)
2 R 2
When the slider is displaced 0 < x <x__ along the guide rail, the restoring force model of the
isolator:
F,-F,+F  (x-x>0)
"O\F,-F,-F, (x-%<0) (1d)
kx+2uk,o, (x-x>0)
nl = k . (1e)
X =2uk o, (x-x<0)

When the slider moves—x,_ < x <0 along the guide rail, due to the symmetry of the structure,

there are:
Fy(x)=—F,\(~) (1f)
Fy(x)=~F,(-x) (1g)
Among them: F, is the restoring force provided by a vertical linear spring, F;, is the restoring
force provided by the horizontal pre compressed disc spring, F, is the frictional force
experienced by the slider when it moves along the track, F;4 is the overall restoring force of the
slider when sliding on the upper curved track, F;, is the overall restoring force of the slider

when sliding on the lower curved track, F,;and F,,is the overall restoring force of the slider
when sliding on the upper and lower halves of the vertical track.

Organize formula (1) and make it x=x/Ra = ky/h,,n =1,/2R,y = 6y/R . f, = F,/k,R . f, =
Fh/kVR,fH = F,/k,R, It can be organized into the following dimensionless form:

f=x (2a)
fh:2a()_c—77)(7/—1+\/1—)_c2—772+277)_c) (2b)
=20 1= =7 + 2% (y —14+/(1-%> —17* +257) (20)
fi-ftf, &X>0)
f”_{fv—fh—ﬁ (®-¥<0) .
X+2a x-x>0
“1:{;?—20;1; é—c-ko; (2¢)
S (X)) ==f,(=%) (2f)
S () =—f,(=%) (2g)

Above f,,, f. 1, f,, f1,15 the restoring force of the seismic isolator during the sliding process of
the slider.
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2.3.2. Quasi Zero Stiffness Condition

According to the structure of the isolator, when the slider is located at the transition position
between the vertical section and the curved section of the guide rail, the total stiffness of the
system is zero. At this point, the nonlinear component of the transverse preloading spring and
the linear stiffness of the vertical linear spring cancel each other out. Therefore, when x=% n,
the stiffness is zero. By taking the derivative of equation (2d) and substituting it into the above
conditions, we can obtain:

kxe = 1_2ans7st =0 (3)
The value of a for the system under quasi zero stiffness conditions can be obtained from the
above equation:
o - 1
Qzs 27/
2.3.3. Comparison of Static Characteristics between VSSC3DI and QZSI

In section 2.3.2 of the previous text, based on the quasi zero stiffness condition, the necessary
conditions for the system to achieve total stiffness at a specific position were analyzed. This
condition indicates that the total stiffness of the system is closely related to the parameters a
and y. Therefore, when conducting parameter analysis, the condition of stiffness ratio a=1 was
selected to satisfy equation (4). In order to further explore the differences in force displacement
and stiffness displacement characteristics between two types of seismic isolators, a set of
parameters was selected for comparative analysis: friction coefficient u=0.2, vertical segment
ratio n = 0.2 . Through numerical calculations, the force displacement and stiffness
displacement curves of two types of seismic isolators were obtained, as shown in Figure 4.

From the comparison of force displacement curves in Figure 4 (a), it can be seen that there are
significant differences in the performance of VSSC3DI and QZSI isolators in different
displacement ranges. In the small displacement stage, the force displacement curve shows a
linear and rapid upward trend, and the growth rate is significantly higher than that of QZSI. This
characteristic indicates that VSSC3DI has a high initial stiffness under small deformations,
which helps to enhance the bearing capacity of the seismic isolator under static loads or small
amplitude vibrations. However, when the slider entered the curved track stage, the force
displacement relationship curve of VSSC3DI showed a significant decline and then continued to
grow, but at a slower rate than QZSI. In addition, the curve of VSSC3DI also exhibits a certain
hysteresis area in the latter half of the displacement, which is mainly attributed to the influence
of friction during the movement of the slider, indicating that it not only has self resetting
performance, but also has a certain energy dissipation ability. The analysis of the stiffness
displacement curve in Figure 4 (b) is consistent with the force displacement relationship.
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Fig 4. Comparison of Static Characteristics between VSSC3DI and QZSI
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3. Dynamic Performance Analysis of VSSC3DI

3.1. Establishment of VSSC3DI Dynamic Model

The dynamic model of the VSSC3DI single degree of freedom system studied in this article is
shown in Figure 5.
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Fig 5. VSSC3DI dynamic model

According to the mechanical model shown, combined with the d'Alembert principle, the
dynamic equation of the system can be obtained as follows:

When the slider moves0 < x <x_, along the guide rail:

mx+cx+ I, = F cos wt (5a)

mx+cx+F, =F cos ot (5b)
When the slider moves—x,_, < x <0 along the guide rail:

mi+cx+F, = Fcoswt (5¢)

mx+cx+F,=Fcoswt (5d)

Among them: F;q, F;,, F;and F,; have been given earlier and will not be further elaborated
here. M is the mass of the isolated object, c is damping, Fisthe applied external excitation force,

and w is the applied excitation frequency. Let wy = \/k,/m, T = c/2mw,,f; = F11/k,R,
[ =Fn/ kR f,=F12/ kRS, =Fn2 [k Rf=F/ kR T=wotA=w / w),, nondimensionalize equation (8)
and add w?=w3(1+¢e0,) to the left and right of the equation in order to satisfy the mean method,
W, is the natural frequency of the system, organized as follows:

When the slider moves0 < x <X, along the guide rail:
X, +A’X ==2{X — f,, + feos At + (1 +&0,)X (6a)
X, +A’X =-2{x~f,, + fcos At +(1+&0,)X (6b)

When the slider moves—x,_, <X <0 along the guide rail:

X, +A’X =-2{X~ f,,+ fcos At +(1+¢&0,)x (60)
X, +AX=-2{x~ f,+ fcosAt+(1+¢£0,)X (6d)

To obtain an approximate solution for the system, Taylor series expansion can be performed
on the relevant variables near the upper and lower endpoints of the arc and vertical segments.
Rightto f;, and f, infuandfh is expanded at x=% 7 as follows:
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At x=n:
fu==2ay(n-x)+a(n-x)’
7
1, = 2ay - 2ap(E+ D) - %) (72)
At x=-n:
1,(®) == £,(-)
{fﬁ) =—f,(-%) (7b)

3.2. Average Method for Solving
Let the main resonance response of the system be solved as:

X = Acos(At+ ) (8)
Among them :A Expressing amplitude, ¢ indicates phase difference. Order
® = A7 + ¢ ,according to the average method, solve as follows:

dd _LZ”[%AﬁsinCD+fcosﬁr+(l+e‘al)AcoscD—Y]sincpdcp

(9a)
dr 27
2 X
do _ IO [26 AAsin @ + fcos AT+ (1+¢&0,)Acos ® —Y]cos DAD (9b)
dz 2 A7k

Among them, Y represents the dimensionless overall restoring force of the isolation device at
different stages, thatis, f,,,f1,.f, 1. f2

Solve equation (9) simultaneously, and let %z%zO,The amplitude frequency response
r dr

equation can be obtained:
20AA+B, = fsing
B +A—AA = (10)
; = fcosp
The amplitude frequency response equation of the system can be solved by the equation system

(10), namely:

(B, + A~ A2%) +(2642+B,) = f* (11)
Equation (11) can be used to calculate the force transmission rateTy, the force transmission

rate is determined as the maximum value of the response transmitted to the base Fr to the
maximum value of motivation f:

2 2
T_i‘_\/(B“A) +(2644+B,) (12)
F f f2
Among them :
B, - L ,0<A<n
B,,,n<A
aun? n sin(arccos(%))2
42ayu - B ayun®)(1- COS(arCCOS(Z))) 4A(anpu+2ayun)( 5 )
B, = +
B, =0, * 4 7
7\\3
cos(arccos(—))
442 L A4
. ( 5 a7ﬂ)(3 3 )
T
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5 _{B(pl,OSASn

" |B,y.n<A4
B, =0

~4(an’ - 2a777)(sin(arccos(%))) AQay —3an®)(sin(2 arccos(%) +2 arccos(%)))

B, = . — -
sin(arccos(1))’

12 Aa(sin(arecos(ZL)) - % M

_ A 3
T

sin(2 arccos(z)) sin(4 arccos(z)) 3 arccos(z)
44a( 4, A7 Ay
4 32 8

+

T

3.3. Comparison of Dynamic Characteristics between VSSC3DI,,QZSI, and
Linear Systems

Figure 6 shows the amplitude frequency response curves of QZSI and linear systems plotted
under the conditions of damping ratio { = 0.02 and dimensionless excitation amplitude f =
0.02. For the VCSS3DI system, the amplitude frequency response stress and force transfer rate
curves were obtained by taking the friction coefficient u = 0.1 and the vertical end ration =
0.1.

From Figure 6 (a), it can be seen that the amplitude frequency curve of the VSSC3DI system
shows a leftward bending trend within larger amplitudes, indicating that its peak response is
significantly lower than that of the QZSI system and its corresponding linear system. As can be
seen from Figure 6 (b), The force transmission rate curve of the VSSC3DI system is significantly
lower at the peak than that of the QZSI system and linear system, indicating that the VSSC3DI
system can effectively reduce the force transmitted to the structure, fully demonstrating its
excellent seismic isolation performance.
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Fig 6. QZSI, Comparison of dynamic characteristics between VSSC3DI and linear systems

3.4. Effects of Different Parameters on System Dynamics Performance

As shown in Figure 7, under the conditions of { = 0.05,u = 0.2,n = 0.2, changing the excitation
amplitude has a significant impact on the amplitude frequency response curve and force
transmission rate curve. As the excitation amplitude gradually increases, the system response
curve exhibits obvious nonlinear characteristics, manifested as an overall leftward shift of the
curve, indicating that the resonance frequency of the system decreases with the increase of
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excitation amplitude. At the same time, the overall force transmission rate curve bends to the
lower left, showing a decrease in resonance peak and a corresponding decrease in resonance
frequency
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Fig 7. The influence of different f on the dynamic performance of the system

Figure 8 shows the effect of changing the parameter { on the amplitude frequency response
curve and force transmission rate at f = 0.04,u = 0.2,n = 0.2.From the graph, it can be seen that
as the damping ratio ¢ gradually increases, the trend of the amplitude frequency response curve
of the system bending to the left in the low-frequency region gradually decreases, manifested
as a gradual decrease in the peak value, and the corresponding peak frequency also increases,
gradually approaching the resonance frequency of the linear system. In the high-frequency
region, the impact is relatively small, and as the damping ratio increases, the system begins to
exhibit linear characteristics. Meanwhile, as the damping ratio increases, the law of force
transmission rate and amplitude frequency response curve remains consistent, and the peak
gradually decreases. Reasonable selection of damping ratio can optimize the seismic isolation
performance while ensuring system stability.
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Fig 8. The influence of different ¢ on the dynamic performance of the system

Figure 9 shows the effect of changing the parameter 1 on the amplitude frequency response
and force transmission rate curves at f = 0.04,u = 0.2, = 0.05. From the graph, it can be seen
that in areas with relatively low or high frequencies, the variation in the proportion of vertical
segments has a relatively small impact on the amplitude frequency response curve. In the
resonance region with a frequency ratio close to 1, as the proportion of vertical segments
decreases, the amplitude frequency response curve of the system shows a leftward bending
trend, indicating that the resonance frequency of the system decreases, and the peak amplitude
also significantly decreases. At the same time, the force transmission rate curve shifts to the left
as a whole in the curve with a frequency ratio close to 1, and the peak value significantly
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decreases. This indicates that reducing the proportion of vertical segments can effectively
reduce the vibration amplitude of the system in the resonance region, reduce energy transfer,
and improve the overall seismic isolation effect of the system.
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Fig 9. The influence of different n on the dynamic performance of the system

Figure 10 shows the effects of changing the parameter u on the amplitude frequency response
and force transfer rate curves atn = 0.2, = 0.05,f = 0.04, respectively. From the graph, it can
be seen that when the friction coefficient is low, as the friction coefficient increases, the peak
values of the system's amplitude frequency response curve and force transmission rate rapidly
decrease. In the high friction coefficient region, the effect of increasing the friction coefficient
on the amplitude frequency response curve and force transmission rate curve tends to stabilize,
and the peak change is not significant.
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Fig10. The influence of different y on the dynamic performance of the system

4. Conclusion

This article proposes a three-dimensional seismic isolator based on a variable stiffness self
resetting mechanism, which vertically utilizes the high static and low dynamic characteristics
of the quasi zero stiffness isolator, replaces the negative stiffness spring in the classical three
springs with segmented nonlinear tracks, transverse disc springs, and sliders, so that the
isolator has a high low high stiffness characteristic when subjected to external excitation in the
vertical direction, effectively balancing the contradictory relationship between bearing
capacity and isolation performance. Next, establish the static and dynamic models of the
isolation device, derive the force displacement equation, amplitude frequency response, and
force transfer rate equation, and then study the influence of structural parameter changes on
the performance of the isolation device. Draw the following conclusion:
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(1) Static characteristic analysis was conducted on VCSS3DI, and equations for force
displacement and stiffness displacement were obtained. The quasi zero stiffness condition was
determined and compared with the classical three spring quasi zero stiffness isolation device.
The results indicate that compared with the QZSI system, the VCSS3DI system has greater
stiffness under small displacements, which helps to improve the bearing capacity of the seismic
isolator under static loads or small deformations.

(2) The dynamic characteristics of the VCSS3DI system were analyzed and compared with
linear isolators and classical three spring quasi zero stiffness isolators. The results showed that
compared with the QZSI system and the corresponding linear system, the resonance amplitude
in the amplitude frequency response and force transmission rate of the VCSS3DI system
decreased, indicating that the force transmitted to the structure was smaller, further verifying
the good low-frequency vibration isolation performance of VCSS3DI.
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