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Abstract: In view of the weak isolation and shock absorption effect of ordinary isolation bearings
at present, a new track damping negative-stiffness device was designed based on the principle of
negative stiffness. The principle of negative stiffness was applied to base isolation, and a new isolation
system was proposed in which the track-type NSD device and the common isolation layer were
connected in parallel. The track-type NSD had the characteristics of clear force transmission, simple
structure, and self-resetting ability. The theoretical model of orbital NSD was established, and its
hysteretic performance was simulated. The seismic response of a six-story reinforced-concrete-frame
isolation structure system with a new track-type-damping negative-stiffness device was analyzed.
The seismic responses of the traditional lead rubber bearing isolation model (LRB), the new track-type
negative stiffness and lead rubber bearing combined isolation model (NSD), and the new track-
type-damping negative stiffness and lead rubber bearing combined isolation model (DNSD) were
compared. The results show that, in the same case, compared with the LRB model and NSD model,
the DNSD model will further reduce the superstructure acceleration response and displacement
response of the isolation system, and the greater the peak value of the input seismic wave, the more
obvious the isolation effect of the structural system. The new track damping negative-stiffness device
enhances the energy dissipation capacity of the structural system and plays a role in controlling the
displacement of the isolation layer. The displacement response of the isolation layer and the ground
motion response of the superstructure are reduced at the same time, and the isolation efficiency
is improved.

Keywords: track type; negative stiffness; isolation device; seismic response reduction; isolation effect

1. Introduction

Base isolation technology is based on the use of a flexible connection between the
superstructure and the foundation and sets up a safe isolation system to protect the super-
structure. It has become one of the most effective means to reduce earthquake disasters.
The effect of base isolation technology on long-period structures is poor. The reason is
that isolation is mainly achieved by extending the natural vibration period and increasing
damping. In order to make the isolation effect obvious (such as reducing 1 degree), the
natural vibration period of the structure needs to be extended by more than two times. This
makes it difficult to realize the isolation layer of long-period structures, and the displace-
ment of the isolation layer may be large in rare earthquakes. Therefore, how to effectively
extend the period of isolated structure, significantly increase damping, and control the
displacement of isolation layer is the key problem of long-period structural isolation. The
rubber bearing isolation system based on a negative-stiffness damping device (NSD) is
one of the effective ways to solve these problems. Therefore, researchers introduced the
negative-stiffness theory for the vibration isolation of mechanical equipment. By actively
weakening the stiffness of some devices in the structure, the period of structural vibration
was further extended to reach the “simulated yield” [1] state proposed by Pasala. The
most representative is lemura, who discovered and proposed the concept of “negative
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stiffness” in the study of active variable damping control [2]. Ilemura also introduced the
negative-stiffness theory into civil engineering, established a numerical analysis algorithm,
combined the developed negative-stiffness isolation device with ordinary rubber bearings,
and verified the effectiveness of the negative-stiffness device in reducing structural dis-
placement and acceleration through experiments [3]. Then, in the two-stage benchmark
problem of cable-stayed bridges, lemura proposed to compare the negative-stiffness control
with active control and passive control, which proves the excellent performance of the
pseudo negative-stiffness device [4]. Attary proposed a negative-stiffness device for seismic
protection of highway bridge structures [5] and pointed out that the seismic response of
bridge structures can be effectively reduced by paralleling the device with the structure and
damping device, thus providing positive stiffness. In China, Yang Qiaorong et al. proposed
a damping negative-stiffness device and studied its seismic response. The results show
that the device cannot only reduce the absolute acceleration response of the superstruc-
ture under the action of long-term and short-term earthquakes, but it can also control the
displacement response of the isolation layer and improve the isolation efficiency [6]. By
applying the principle of negative stiffness to base isolation, Ji Han proposed a new isola-
tion system in which the negative-stiffness damping device is connected in parallel with
the ordinary isolation layer and carried out theoretical research on the system [7]. Li Xuan
and others designed a new friction sliding composite isolation system and analyzed it with
finite element software. It was concluded that the friction sliding bearing with a small
amount of thick rubber bearings and viscous dampers can effectively reduce the residual
deformation after the earthquake and the maximum displacement of the isolation layer [8].
Sun Tong et al. proposed a track-type negative-stiffness device and studied its damping
control. The results showed that the displacement control effect of the device is equivalent
to that of LOR semi-active control, and the acceleration response control effect is much
better than that of LQR semi-active control [9].

Most of the existing negative-stiffness devices provide negative stiffness at the preset
displacement, which is difficult to control the displacement of the isolation layer under
different ground motions and reduce the response of the superstructure. Based on past
devices [6], a new type of adaptive variable-stiffness isolation device is illustrated in this
paper. Different from other devices, it integrates the flexible track concept and the concept
of negative-stiffness damping system into the variable-stiffness device, and a variable-
stiffness isolation system is proposed in combination with lead rubber bearings so that
the stiffness of the isolation layer presents different stiffness characteristics under different
displacement states. Thus, it can provide positive stiffness to limit the displacement of the
isolation layer under interference load, provide negative stiffness under different seismic
forces, control the displacement of the isolation layer, and achieve effective isolation, so as
to meet the design requirements of different levels of seismic performance. It does not only
realize the effective isolation of long-period structures but also improves the disadvantages
of the previous negative-stiffness devices, such as their complex structure and residual
deformation. In addition, the track surface function or other parameters can be flexibly
changed according to the design requirements to meet the isolation requirements under
different conditions.

2. Negative-Stiffness Device and Its Mechanical Model
2.1. Negative-Stiffness Device

Negative stiffness means that, in the force—displacement curve, the force decreases
with the increase of displacement, making the slope of this section of the curve negative,
as graphically illustrated in Reference [10]. Combined with the definition of stiffness,
the concept of negative stiffness comes into being. In the traditional isolation layer, the
sum of the horizontal stiffness of all rubber bearings is positive. If a negative-stiffness
device is added to the isolation layer, the stiffness of the isolation layer can be further
reduced (the total stiffness is still positive), so that its natural vibration frequency can
be further reduced, thus effectively reducing the seismic response of the structure under
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long-period earthquake. Based on the principle of variable stiffness and the idea of track
type, a negative-stiffness device with damping is proposed which is mainly composed of
a track plate, roller, preloaded Belleville spring and viscous damper in Belleville spring
guide sleeve with the curve of plate surface as a function, as shown in Figure 1. Changing
the function of the track surface curve can realize the flexible adjustment of the isolation
performance of the device.

Bolt hole

Track plate

One-way roller

Backing plate

Preload Belleville spring

Fluid Viscous Damper

Base board

Bolt hole

Figure 1. Schematic diagram of damping-track-type variable-stiffness device.

2.2. Mechanical Model

Set the initial spring length as [, the spring preload as Al, the spring length after
initial compression as Iy, the spring stiffness as k, and the friction coefficient of the track’s
surface as y. In the initial state, the position of the roller is in the coordinate system shown
in Figure 2a; the function value of the track surface is f(xg), and the spring length at any
time is . With the horizontal displacement of the device, u, the function value of the track
surface where the roller is located in the coordinate system, as shown in Figure 2b, is f(x);
the stress state of the corresponding roller is shown in Figure 3. At this time, the spring
length is as follows:

I'=1lo+ f(x) = f(x0) ey
u
= :
L L]
[ < > 1
(a) (b)

Figure 2. Motion state of negative-stiffness device. (a) Initial state of the device (b) Device state after
horizontal displacement, u.
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- X/mm

Vy/mm
Figure 3. Stress-state analysis of roller.

The corresponding spring force, F, and the rail surface reaction, N, are calculated
as follows:
F=k(l,—1) @)

N = Fcosf 3)

where 0 is the angle between the tangent of the rail surface function at the roller position
and the x-axis.
At this time, the friction force in the tangent direction of the track surface where the
roller is located is as follows:
Fy = pFcos6 4)

Decompose N and Ff to the horizontal direction, and it can be concluded that the force
provided by the spring part of the track-type-damping negative-stiffness device opposite
to the displacement direction, Fspspring, 1s as follows:

FNspspring = Fcos0sinf — uF cos?f = k(l, —1)cos@sin® — uF cos? 0 (5)

According to the conversion relationship between trigonometric functions, we have
the following:

f'(x) =tan®
: ____tanf
sinf cosfd = TrtanZd (6)
29 _ 1
cos™f = 1+tan? 0

It can be concluded that the formula for Fyspspring, as expressed by the orbital surface
function, is as follows:

@)

Fnspspring = K[Al + f(x) — f(x0)] [ f'(x) 1 }

(N CIONRSENEE
Calculate the first derivative of the displacement x in Formula (6) to obtain the rela-
tionship between the negative stiffness of the device and the displacement:

Knsp =kf’(x){ [y 1 }

L @F (] ®)
1" 12 12 /
KA+ F(x) — Fx {f @] -2 L 2f () ]
(A4 f(2) = flao) 1472 (x))° Hier2eor

Let the damping coefficient of the velocity dependent viscous damper be C, and we
can see that the initial stiffness takes 100 times of the damping coefficient C [11]. Under the
action of ground motion, with the horizontal displacement of the track plate, the relative
position of the roller on the track surface changes, and this will produce a vertical velocity,
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i.e., the axial velocity of the viscous damper, which is set as v. Then the relationship between
v and track surface function f(x) is calculated as follows:

dfx) _df(dx
0= T ax ar SR ©

Then the damping force generated by the viscous damper is decomposed to the
horizontal direction as follows (the decomposition method is the same as the spring part):
FNSDdamper = C|v|a sgn(x)

= c-sgn(¥) - |f'(x) - 1P| L2505 — sen(@)v s

(10)

In this paper, the commonly used & = 0.3 is taken to discuss the mechanical properties
of the device.

Since the spring providing negative stiffness in the device does not have an energy-
dissipation capacity, additional viscous dampers are considered. Although additional
damping can improve the energy dissipation capacity of the isolation layer, it will also
increase the seismic response of the superstructure [6,12]. Therefore, it is necessary to
comprehensively consider the seismic response of the superstructure and the displacement
of the isolation layer to ensure that the set damping parameters are reasonable and effective.

In this paper, the form of the orbital surface function is the cosine function:

£(x) = b- cos(Bx) a1

As =10,b=0.05 Al = 0.5, u = 0.2, and k = 50, the negative-stiffness mechanical
model of the device can be drawn from Equation (6), as shown in Figure 4.

i
(8 ]

Fnsd/kN
9

-05 -04 -03 -02 -01 0 0.1 0.2 03 0.4 05
displacement/m

Figure 4. Mechanical model of negative—stiffness device.

The relationship between negative stiffness, Kxsp, and displacement, x, can be drawn
from Equation (7), as shown in Figure 5.
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100

50

K/(kN/m)
o

-50

-100

-05 -04 -03 -02 -01 0 0.1 0.2 03 04 0.5
displacement/m

Figure 5. Relationship between Kysp and x.

The negative-stiffness section of the mechanical model of the device can be clearly

observed from Figures 4 and 5.
The damping mechanical model of the device for different g values can be drawn

from Equation (9), as shown in Figures 6 and 7. F. is the horizontal force provided by
the damper.

Fc/kN

_8 1 1 1 1
-05 -04 -03 -02 -01 0 01 02 03 04 05

displacement/m

Figure 6. C = 15 and 8 = 25 damping mechanical model.
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Fc/kN

_6 | | | 1 1 1 1 | |
-05 -04 -03 -02 -01 0 01 02 03 04 05

displacement/m

Figure 7. C = 15 and = 10 damping mechanical model.

It can be seen from Figures 6 and 7 that the shape of the mechanical model of damping
is basically unchanged, while the period and peak value of the model function change.

2.3. Parameter Impact Analysis

From the expression of Fyspspring, the parameters that affect the mechanical properties
of the device can be found. Using the control variable method, the frequency of orbital
surface function frequency, ; the peak value of track surface function b; the stiffness
of Belleville spring, k; the preload, Al; and the friction coefficient of track surface y, are
analyzed, respectively.

2.3.1. Orbital Surface Function Frequency, B, and Peak Value of Orbital Surface Function,
b, Influence on Fysp — x Curve

If we take Al = 0.5, k = 50, and y# = 0.2 from Equation (6), the force displacement
curve under different 8 values and the force displacement curve under different b values
can be obtained, as shown in Figures 8 and 9.

FrsdkN

—_— p-38

45 -
B=10
p=12

20 1 1 1 s L L L
-05 -04 -03 -02 -01 0 01 0.2 0.3 04 0.5

displacementim

1 L I

Figure 8. Force—displacement curve under different 8 values.
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10

-20 L i i L i 1 1
05 04 03 -02 -01 0 0.1 02 0.3 0.4 0.5

displacementm
Figure 9. Force-displacement curve under different b values.

It can be seen from the above two figures that changing the value of 8 will change the
change cycle of force, and the stronger the value of B, the greater the change frequency;
changing the b value of the track surface will change the magnitude of the force peak, but
it will have no effect on the change frequency of the force.

2.3.2. Effect of Spring Stiffness k on Negative Stiffness

From Equation (7), the relationship between negative stiffness, Kysp, and displace-
ment, x, under different spring stiffness values, k, can be obtained, as shown in Figure 10.

100
80
60
40
20 +

0

Knsd/{kN/m)

-20

-40

60 } k=20kN/m
k=25kN/m

80k k=30kN/m

-100 L I ' I
0 0.1 0.2 0.3 04 0.5 0.6 0.7

displacementim
Figure 10. Effect of spring stiffness on negative stiffness.

It can be seen from Figure 10 that, in the negative-stiffness stage, the greater the disc
spring stiffness k, the greater the negative stiffness provided by the device.
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2.3.3. Influence of Preload Al of Belleville Spring on Negative Stiffness

In accordance with Formula (7), the relationship between negative stiffness, Kysp, and

displacement, x, under different spring preload values, Al, is shown in Figure 11.

100
80
60
40
20 t

0

Knsd/{kMNfm)

-20

-40

Al=0.3m

Al=D0.5m
Al=0.7m

-60 |

-80 F

-100 L I i I I i i
0 01 0.2 0.3 0.4 0.5 06 0.7

displacementim
Figure 11. Influence of preload of Belleville spring on negative stiffness.

It can be seen from Figure 11 that, the greater the initial compression of the Belleville
spring, the greater the negative stiffness provided by the device. However, too much initial
compression leads to the reduction of the action range of negative stiffness. It shows that
the preloading shrinkage, Al, has a significant impact on the negative stiffness of the device.

2.3.4. Influence of Friction Coefficient, y, of Track Surface on Negative Stiffness

In accordance with Formula (7), the relationship between negative stiffness, Kysp, and
displacement, x, at different track surface friction coefficients, y, is shown in Figure 12.
100

80
60
40
20

0

Knsd/{kN/m)

-20

-40

u= 005

-60 1
# = 01
=02

80 F

100 I L i I L I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

displacementim

Figure 12. Influence of friction coefficient of track surface on negative stiffness.
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It can be seen from Figure 12 that changing the friction coefficient, y, of the track
surface has an insignificant effect on the negative stiffness provided by the device.

2.4. Parameter Design Method of Negative-Stiffness Device

In order to ensure that the device can effectively provide negative stiffness, the spring
should always be in a compressed state; that is, the device should meet the following
requirements in the coordinate system shown in Figure 3:

Al > f(o) - f(Aumax) (12)

where Aumay is the maximum value of target control displacement. Assuming that the
length of track slab is L, the following conditions needs to be met:

Atimax < % (13)
f(0)=0 (14)
f"(x) < 0(=Aumax < x < Atimax) (15)

3. Negative-Stiffness Isolation System and Isolation Principle

The combined isolation system is composed of ordinary lead rubber bearings, belong-
ing to the class of elastomeric bearings [13], and two pre-compression variable-stiffness
isolation devices in parallel, and the parallel diagram is shown in Figure 13.

Horizontal
spacing
e

Vertical
sEacing

Track type combined isolationw
(@] ©

Isolation hearing

Figure 13. Schematic diagram of variable-stiffness vibration isolation device.

The mechanical model of the negative-stiffness isolation system can be obtained by
the parallel combination of the mechanical characteristics of the lead rubber bearing and
the negative-stiffness device [12], as shown in Figure 14. As can be seen from Figure 14, the
isolation system using the negative-stiffness stage of the variable-stiffness device in parallel
with the lead rubber bearing cannot only amplify the displacement response of the isolation
layer; it can also effectively reduce the seismic response of the superstructure. Therefore,
the negative-stiffness part of the isolation composite system is additionally damped to
achieve the purpose of reducing the displacement response of the isolation layer and the
seismic response of the superstructure at the same time.



Appl. Sci. 2022,12, 8794

11 of 26

e

- KR - - = - e _"‘. -

\m?jfp“ pr / disp. f disp.

ﬂ/ g | s Lead rubber bearing
——|solation combined system

Figure 14. Mechanical model of negative-stiffness isolation system.

According to Haringx theory [14,15], the horizontal stiffness of the bilinear model of
lead rubber bearing is as follows:

2
Ky = -~ (16)
2K,qtan(% ) — ph

where g = /p/K,(1+ p/K;), p is compression load, & is the total thickness of rubber layer
and sandwich steel plate, and K; is the effective bending stiffness. The initial stiffness, K;
is 11 times that of the horizontal stiffness, K3, so the composite stiffness of the negative-
stiffness isolation system is as follows [16]:

Stiffness of the first stage:

__up / f'(x)
Ki+Kysp = 2K,qtan(q7h)—ph +kf (x) |:1+f’2( ) ‘ul-‘rf/z( ):| (17)
" 12 12 !
CRIAL 4 F(x) — [f @O+ @]-22 @ L, 2f () }
[ f( ) f( )] [1+f/2(X)}2 ]’l [1+f/2(x)]2
Stiffness of the second stage:
_ / f'(x)
K2+KNSD Zthan(qh) Ph+ f( )|:1+f’2(x) ]/l1+f/2( ):|

(18)
AL _ FrE+ 2 @]-2f () 2f'(x) }
FHA f) = )][ R T

Considering the additional viscous damper, the dynamic equation of the isolated
structure under the combined action of negative stiffness and damping is as follows:

mit + (C1 + Cp)u + (k+ Kysp)u = —milg (19)

where m is the mass of the isolated structure, u is the displacement of the isolation layer,
C; is the damping coefficient of lead rubber bearing, Cj, is the damping coefficient of
negative-stiffness device; k is the stiffness of lead rubber bearing, and Kysp is the stiffness
of the negative-stiffness device. The natural frequency of the traditional lead rubber

bearing isolation structure is wy = \/ﬁ and the damping ratio of isolation structure

is §o = 27? 5 The natural circular frequency of the structure with negative stiffness is
w =4/ HKTNSD =wpy/1+ KN%. When considering the damping effect of the device, the

damping ratio of the isolation structure is as follows [16]:

Ci+C  G(+3)

2nw /1+K1\]](5D

¢=

(20)
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According to the above equation, under the action of the damping negative stiffness,
the damping structure self-vibration circle frequency decreases, and the structural damping
ratio increases.

4. Seismic Response Analysis of Isolated Structure Considering Negative Stiffness
4.1. Building Model

The general steps of seismic isolation structure design are shown in Figure 15. The
model is a six-story regular reinforced-concrete-frame structure, as shown in Figure 16,
with the representative value of gravity load of 35,888.4 kN. The structural isolation layer
adopts LRB600. The plane layout of the isolation layer is shown in Figure 17. The product
specifications of the isolation rubber bearing are shown in Table 1. The rubber bearings are
simulated by the isolator element [17].

Selection and arrangement of isolation bearings

Y

Calculation and comparison of structural system

L]

Calculation of horizontal damping coefficient

v

Checking the displacement of isolation layer in rare
carthquake

v v

Superstructure design Substructure design constructional measures

Figure 15. Design steps of isolated structure.

. - S b N b N -
. >e'<> pa = =
= I~ ~
S~
=
" ] A ~
~ [~ —
.)h{: —T1
< o= —~ [ —
S== EEEEmEEE
- = -
ﬁ Grid Point 1T | jl
(S — =]
- - ]
= ! 1 & & 1 s L 4 -4
& | oo 4 o n it
ui “"'1—*‘1‘.1 3 - n i 4 + v o I "H
oot ¥ o T ™ d =

Figure 16. Six-story reinforced-concrete-frame structure model.
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LRB600

cees
cees
ceee
cees
ceve

Figure 17. Layout of isolation layer.

Table 1. Product specification of rubber bearing.

Equivalent Stiffness

Effective Total Rubber Strength 100% 250% Vertical Yield Force
Model Diameter Thickness Before Yield Horizontal Horizontal Stiffness
ode Shear Shear
Deformation Deformation

(mm) (mm) kN/m kN/m kN/m kN/mm kN
LRB400 400 73 8790 1040 820 2200 27.0
LRB500 500 92 10,910 1270 1010 2400 40.0
LRB600 600 110 13,110 1580 1580 2800 63.0

It is assumed that the structure is located at a region of characteristic period of 0.75 s
and seismic intensity of 8; the third group of class IV is adopted for the site [18].

Because the interlayer stiffness of the superstructure is far greater than the horizontal
stiffness of the isolation device, and the superstructure only makes horizontal overall trans-
lation in the earthquake, in general, in order to simplify the calculation, the superstructure
can be simplified as a single-particle system [19], which forms a two-degree-of-freedom
model with the isolation layer, as shown in Figure 18. In the figure, k is the total stiffness of
the isolation layer, and c is the equivalent damping coefficient of the isolation layer. Using
the mechanical model of the negative-stiffness isolation system proposed in this paper,
the FNA (Fast Nonlinear Analysis) method is used to analyze the nonlinear time history
of the isolation structure [20,21]. In order to ensure the accuracy of the FNA method, the
Ritz vector method is used for modal analysis, and the first 50 modes of the structure are
considered according to the requirements of accuracy.

The spring part of the negative-stiffness device is simulated by the multi-segment
linear elastic element in SAP2000 [22,23]. The mechanical model of the spring part of the
negative-stiffness device is simplified into a broken line model (dotted line), as shown in
Figure 19. The first stage stiffness takes 0.6 kN/mm, the second stage stiffness takes 0, and
the third stage stiffness takes —0.6 kN/mm.
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(E Upper storeys

Isolation layer

-
" el

Figure 18. Equivalent simplified model of isolated structure.

Frnsd/kN

_ = '

displacementim
Figure 19. Simplified mechanical model of the negative-stiffness device.

4.2. Seismic Response

Three natural seismic waves are used for time history analysis: EL Centro, Pasaden,
and Santa Barbara Courthouse. The artificial waves synthesized from the isolation response
spectrum are REN1 and REN2. The specific information of each natural seismic wave is
shown in Table 2, and the response spectrum after peak shaving is shown in Figure 20.
The peak value of the seismic wave is taken as 0.3-0.6 g. The models used for analysis are
mainly the traditional lead rubber bearing isolation model (LRB), the isolation model with
negative stiffness and lead rubber bearing synergy (NSD), and the isolation model with
damping negative stiffness and lead rubber bearing synergy (DNSD).
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Table 2. Seismic-wave recording parameters.

Earthquake Name Recording Station PGA/g
Imperial Valley-02 El Centro Array #9 0.839
Kern County Pasadena—CIT Athenaeum 0.176
Kern County Santa Barbara Courthouse 0.322
REN1 —_— 0.200
REN2 —_— 0.200

Loads

35- {

Accelerationig

Response Spectra under Four Seismic
T T

IELC180| 7

—PAS180
——— SBAD42

Times/s

Figure 20. Seismic wave response spectrum (after peak shaving).

Table 3 shows the comparison of absolute acceleration response and displacement
response results of LRB and DNSD isolation layers under the action of local seismic waves.
It can be seen from Table 2 that, when the seismic peak value is 0.3 g, 0.4 g, 0.5 g, and
0.6 g, the acceleration response of DNSD relative to LRB decreases by 14.31%, 10.16%,
14.23%, and 16.20% on average; the displacement response of the isolation layer decreases
by 12.44%, 8.72%, 10.17%, and 12.21% on average; and under all working conditions, the
acceleration response of DNSD relative to LRB decreases by 13.73% on average, and the
displacement response of the isolation layer decreases by 10.89% on average.

Table 3. Summary of time history results under the action of local seismic waves (LRB vs. DNSD).

Maximum Displacement of

Seismic Peak Value ~ Maximum Floor Acc (m/s?)  Acc Response X Displacement
Wave of Seismic Deviatiorr’l Rate Isolation Layer (mm) Response
Wave LRB NSD DNSD LRB NSD DNSD Deviation Rate
03g 2.01 1.90 1.58 —21.39% 81 94 65 ~19.75%
04g 2.70 2.63 227 ~15.93% 142 152 120 —15.49%
EL Centro 05¢ 319 277 268 ~15.99% 207 204 169 18.36%
0.6g 427 3.62 3.13 ~26.70% 274 261 220 ~19.71%
03g 227 256 1.66 —26.87% 156 160 126 ~19.23%
04g 321 2.96 2.64 ~17.76% 226 226 200 ~11.50%
PAS-180 05g 415 3.42 2.98 ~28.19% 297 289 261 ~12.12%
0.6g 485 3.61 3.52 —27.42% 366 347 318 ~13.11%
03g 2.90 313 2.92 0.69% 175 186 160 —8.57%
SBA_ 012 04g 3.85 3.82 3.43 ~10.91% 258 266 237 ~8.14%
05g 471 448 407 ~13.59% 344 339 308 ~10.47%
0.6g 5.46 5.04 475 ~13.00% 429 409 375 ~12.59%
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Table 3. Cont.

Seismic Peak Value  Maximum Floor Acc (m/s?)  Acc Response Ma;(slg;;ltrir:) r?i?tfiﬁi?)t of Displacement
Wave of Seismic Deviation Rate y Response
Wave LRB NSD DNSD LRB NSD DNSD  Deviation Rate
03¢g 1.43 1.35 1.29 —9.79% 81 86 75 —7.41%
RENT1 04¢g 1.71 1.80 1.67 —2.34% 118 132 114 —3.39%
05¢g 2.11 2.53 2.07 —1.90% 156 176 157 0.64%
06g 274 2.90 2.87 4.74% 198 243 189 —4.55%
03¢g 1.41 1.45 1.21 —14.18% 69 72 64 —7.25%
REN2 04g 1.80 1.90 1.73 —3.89% 99 107 94 —5.05%
05¢g 2.61 244 2.31 —11.49% 142 160 127 —10.56%
06g 3.28 293 2.67 —18.60% 189 220 168 —-11.11%
Average —13.73% —10.89%
response

Table 4 shows the comparison of acceleration-response and displacement-response
results of LRB and NSD isolation layers under the action of local seismic waves. According
to Table 3, when the seismic peak value is 0.3 g, 0.4 g, 0.5 g, and 0.6 g, the acceleration
response of NSD relative to LRB decreases by —2.50%, 0.07%, 4.45%, and 10.66% on average;
the displacement response of the isolation layer increases by 7.08%, 6.02%, 3.98%, and 4.91%
on average; and under all working conditions, the acceleration response of NSD relative to
LRB decreases by 3.17% on average, and the displacement response of the isolation layer
increases by 5.50% on average.

Table 4. Summary of time history results under the action of local seismic waves (LRB vs. NSD).

Maximum Displacement of

Seismic Peak Value Maximum Floor Acc (m/s?) Acc Response Isolation Layer (mm) Displacement
Wave of Seismic Deviation Rate y Response
Wave LRB NSD DNSD LRB NSD DNSD Deviation Rate
03g 2.01 1.90 1.58 —5.47% 81 94 65 16.05%
ELC 04¢g 2.70 2.63 2.27 —2.59% 142 152 120 7.04%
entro 05¢g 3.19 2.77 2.68 —13.17% 207 204 169 —1.45%
06g 4.27 3.62 3.13 —15.22% 274 261 220 —4.74%
03¢g 2.27 2.56 1.66 12.78% 156 160 126 2.56%
PAS-180 04¢g 3.21 2.96 2.64 —7.79% 226 226 200 0.00%
B 05¢g 4.15 3.42 2.98 —17.59% 297 289 261 —2.69%
06g 4.85 3.61 3.52 —25.57% 366 347 318 —5.19%
03¢g 290 3.13 292 7.93% 175 186 160 6.29%
SBA-042 04g 3.85 3.82 343 —0.78% 258 266 237 3.10%
. 05¢g 4.71 4.48 4.07 —4.88% 344 339 308 —1.45%
06g 5.46 5.04 4.75 —7.69% 429 409 375 —4.66%
03g 1.43 1.35 1.29 —5.59% 81 86 75 6.17%
REN1 04¢g 1.71 1.80 1.67 5.26% 118 132 114 11.86%
05¢g 211 2.53 2.07 19.91% 156 176 157 12.82%
06g 2.74 2.90 2.87 5.84% 198 243 189 22.73%
03¢g 1.41 1.45 1.21 2.84% 69 72 64 4.35%
REN2 04¢g 1.80 1.90 1.73 5.56% 99 107 94 8.08%
05¢g 2.61 2.44 2.31 —6.51% 142 160 127 12.68%
06g 3.28 293 2.67 —10.67% 189 220 168 16.40%
Average —3.17% 5.50%

response
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Table 5 shows the comparison of acceleration-response and displacement-response
results of NSD and DNSD isolation layers under the action of local seismic waves. Table 5
shows that the maximum acceleration response of DNSD is reduced by 10.55% on average
compared with NSD. Moreover, the displacement response of the isolation layer decreases
by 15.24% on average.

Table 5. Summary of time history results under the action of local seismic waves (NSD vs. DNSD).

Maximum Displacement of

Seismic Peak Value  Maximum Floor Acc(m/s?)  Acc Response Isolation L (mm) Displacement
Wave of Seismic Deviation Rate SoTaTIon dyer i Response
Wave LRB NSD DNSD LRB NSD DNSD  Deviation Rate

03¢ 2.01 1.90 1.58 —16.84% 81 94 65 —30.85%

EL Cent 04¢g 2.70 2.63 227 —13.69% 142 152 120 —21.05%
entro 05g 3.19 2.77 2.68 —3.25% 207 204 169 ~17.16%
06g 4.27 3.62 3.13 —13.54% 274 261 220 —15.71%

03¢g 227 2.56 1.66 —35.16% 156 160 126 —21.25%

PAS-180 04g 3.21 2.96 2.64 —10.81% 226 226 200 —11.50%
- 05¢g 4.15 342 2.98 —12.87% 297 289 261 —9.69%
06g 4.85 3.61 3.52 —2.49% 366 347 318 —8.36%

03g 2.90 3.13 2.92 —6.71% 175 186 160 —13.98%

SBA-042 04¢g 3.85 3.82 3.43 —10.21% 258 266 237 —10.90%
i 05¢g 4.71 4.48 4.07 —9.15% 344 339 308 —9.14%
06g 5.46 5.04 4.75 —5.75% 429 409 375 —8.31%

03¢ 1.43 1.35 1.29 —4.44% 81 86 75 —12.79%

REN1 04¢g 1.71 1.80 1.67 —7.22% 118 132 114 —13.64%
05¢g 211 2.53 2.07 —18.18% 156 176 157 —10.80%

06g 2.74 2.90 2.87 —1.03% 198 243 189 —22.22%

03¢g 1.41 1.45 1.21 —16.55% 69 72 64 —11.11%

REN?2 04g 1.80 1.90 1.73 —8.95% 99 107 94 —12.15%
05¢g 2.61 2.44 2.31 —5.33% 142 160 127 —20.63%

06g 3.28 2.93 2.67 —8.87% 189 220 168 —23.64%

Average ~10.55% —15.24%

response

It can be seen from the above conclusions that, although the addition of negative-
stiffness device can reduce the maximum acceleration response, at the same time, because
the displacement of the isolation layer reaches a certain limit, the negative stiffness provided
by the negative-stiffness device reduces the total stiffness of the isolation layer and increases
the displacement of the isolation layer. After adding the damper to form a composite
negative-stiffness device, the maximum acceleration of the floor and the displacement of
the isolation layer are significantly reduced, and the energy-dissipation capacity of the
isolation layer is enhanced.

The comparison of time history curves of interlayer shear force of LRB, NSD, and
DNSD under the 0.6 g peak input of five seismic waves is shown in Figure 21. It can be
seen from Figure 21 that the bottom shear response of NSD is the smallest and the LRB
is the largest, indicating that it is effective to further reduce the seismic response of the
superstructure with negative stiffness. Figure 22 shows the comparison of displacement
angles between the lower layers of LRB, NSD, and DNSD at the 0.5 g peak input of five
seismic waves. It can be seen from Figure 22 that there is little difference between the
interlayer displacement angles of NSD and DNSD, but they are significantly reduced
relative to LRB, indicating that both NSD and DNSD can reduce the seismic response of the
superstructure, and for reducing the interlayer displacement angle, the negative stiffness
plays a controlling role compared with the additional damping.
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Figure 21. Time-history comparison of bottom shear response among three models under different
earthquake waves at a peak of 0.6 g. (a) Time history of shear response of ground floor under
0.6 g peak of EL wave. (b) Time history of shear response of ground floor under 0.6 g peak of PAS
wave. (c) Time history of shear response of ground floor under 0.6 g peak of SBA wave. (d) Time
history of shear response of ground floor under 0.6 g peak of REN1 wave. (e) Time history of shear
response of ground floor under 0.6 g peak of REN2 wave.
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Figure 22. Comparison of inter-story displacement angles among three models under a 0.5 g peak
input of different seismic waves. (a) Interlaminar displacement angle of 0.5 g peak value of EL wave.
(b) Interlaminar displacement angle of 0.5 g peak value of PAS wave. (c) Interlaminar displacement
angle of 0.5 g peak value of SBA wave. (d) Interlaminar displacement angle of 0.5 g peak value of
REN1 wave. (e) Interlaminar displacement angle of 0.5 g peak value of REN2 wave.

The comparison of floor accelerations of LRB, NSD, and DNSD under the peak inputs
of 0.3 g and 0.6 g of five seismic waves is shown in Figures 23 and 24, respectively. It can
be seen from Figure 23 that, under the seismic wave input with a small peak value, the
negative stiffness can still play a certain role in reducing the floor acceleration. However,
due to the small displacement of the isolation layer at this time, the negative stiffness does
not fully play its role, and the acceleration of the upper floor may increase compared with
the LRB. Compared with Figure 24, under the input of large peak seismic wave, we can see
that the floor acceleration of NSD and DNSD is significantly lower than that of LRB, and
the negative stiffness plays a fuller role. Under this working condition, the curves of NSD
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and DNSD almost coincide, showing that the control factor for reducing the response of
the upper floor is negative stiffness.
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Figure 23. Comparison of floor accelerations among three models under different earthquake waves

at a peak of 0.3 g. (a) Floor acceleration at 0.3 g peak of El wave (b) Floor acceleration at 0.3 g peak of

PAS wave. (c) Floor acceleration at 0.3 g peak of SBA wave. (d) Floor acceleration at 0.3 g peak of

REN1 wave. (e) Floor acceleration at 0.3 g peak of REN2 wave.
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Figure 24. Comparison of floor accelerations among three models under different earthquake waves
at a peak of 0.6 g. (a) Floor acceleration at 0.6 g peak of El wave. (b) Floor acceleration at 0.6 g peak of
PAS wave. (c) Floor acceleration at 0.6 g peak of SBA wave. (d) Floor acceleration at 0.6 g peak of
REN1 wave. (e) Floor acceleration at 0.6 g peak of REN2 wave.

Figure 25 shows the comparison of hysteretic curves of the isolation layer of LRB,
NSD, and DNSD under the 0.6 g peak input of five seismic waves. It can be seen from
Figure 25 that the displacement of the DNSD model considering damping is significantly
reduced, and the displacement control effect is better, while the displacement of NSD may
slightly increase compared with LRB. It is verified that under the action of other small
seismic peaks, the hysteretic curve characteristics of the isolation layer are still consistent
with the above conclusions.
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Figure 25. Comparison of hysteretic curves among three models under different earthquake waves
at a peak of 0.6 g. (a) Hysteresis loops under EL seismic wave at peak of 0.6 g. (b) Hysteresis loops
under PAS seismic wave at peak of 0.6 g. (c) Hysteresis loops under SBA seismic wave at peak of 0.6
g. (d) Hysteresis loops under REN1 seismic wave at peak of 0.6 g. (e) Hysteresis loops under REN2

seismic wave at peak of 0.6 g.

The comparison of the hysteretic curves of the viscous dampers of DNSD under the
peak input of 0.3 g and 0.6 g of five seismic waves is shown in Figures 26 and 27, respectively.
It can be seen from Figures 26 and 27 that, under large earthquakes, the hysteretic curve of
the damper is fuller, thus making it possible to dissipate more seismic energy and reduce
the energy input to the superstructure.
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Figure 26. Hysteretic curves of viscous dampers under different earthquake waves at a peak of 0.3 g.
(a) Hysteresis loops under EL seismic wave at peak of 0.3 g. (b) Hysteresis loops under PAS seismic
wave at peak of 0.3 g. (c) Hysteresis loops under SBA seismic wave at peak of 0.3 g. (d) Hysteresis
loops under REN1 seismic wave at peak of 0.3 g. (e) Hysteresis loops under REN2 seismic wave at

peak of 0.3 g.
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Figure 27. Hysteretic curves of viscous dampers under different earthquake waves at a peak of 0.6 g.
(a) Hysteresis loops under EL seismic wave at peak of 0.6 g. (b) Hysteresis loops under PAS seismic
wave at peak of 0.6 g. (c) Hysteresis loops under SBA seismic wave at peak of 0.6 g. (d) Hysteresis

loops under REN1 seismic wave at peak of 0.6 g. (e) Hysteresis loops under REN2 seismic wave at
peak of 0.6 g.

5. Conclusions

Improving the isolation effect and displacement response of the isolation layer of long-
period isolated structures is an urgent problem to be studied and solved at present. In this
paper, a negative-stiffness device was proposed and analyzed theoretically, its mechanical
model was established, and the seismic response of its isolation structure system was
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analyzed and studied. The seismic responses of the LRB, NSD, and DNSD models were
compared. The main conclusions are as follows:

@

@)

®)

4)

©)

A negative-stiffness device composed of preloaded Belleville spring, guide sleeve,
one-way roller, track surface, and viscous damper was proposed. The device uses a
preloaded Belleville spring and track surface to provide a restoring force consistent
with the direction of displacement, so as to realize the negative-stiffness effect. Addi-
tional damping enhances the energy dissipation capacity of the device and controls
the displacement of the isolation layer, so as to reduce the displacement response
of the isolation layer and the ground motion response of the superstructure at the
same time.

The mechanical model of the negative-stiffness device was established, and the influ-
ence of various parameters on the mechanical model of the negative-stiffness device
was analyzed.

The time history analysis results show that, under all working conditions, the ac-
celeration response of NSD relative to LRB decreases by 3.17% on average, and the
displacement response of the isolation layer increases by 5.50%. Under all working
conditions, the acceleration response of DNSD relative to LRB decreases by 13.73%
on average, and the displacement response of the isolation layer decreases by 10.89%
on average. Under all working conditions, the isolation effect of NSD and DNSD is
superior to that of LRB model, and the greater the peak value of input seismic wave,
the more obvious the isolation effect is. It does not only realize the effective isola-
tion of long-period structures but also improves the disadvantages of the previous
negative-stiffness devices, such as their complex structure and residual deformation.
Under the action of load, the device has good deformation capacity and can maintain
stable small stiffness change, thus further ensuring the stability and reliability of the
combined use of isolation bearings.

In this paper, the track surface function was studied only as the cosine function, but
in fact, there are countless kinds of track surface functions that meet the boundary
conditions in theory. How to adjust the track surface function to make the isolation
performance better is still a problem that needs to be solved by a lot of research. At
the same time, the track surface can be made into a functional surface in both x and y

directions, so that the building has good seismic isolation performance in different
directions.

In the future, the negative-stiffness model device will be designed and manufactured,
and the mechanical model of the device will be obtained through the static mechanical
performance test, which is compared with the theoretical analysis results; and the
dynamic test research of the negative-stiffness isolation device and isolation system
will be further carried out.
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