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Abstract
Conventional isolation devices can reduce the structural response in horizontal directions only, but it does not reduce
the structural response in vertical directions. However, the vertical earthquake motions may be severely distinct, even
higher than horizontal component, and strong vertical ground motions and structural damage have been observed
across the world. Then, vertical earthquakes are usually underestimated. In this paper, an innovative rotating three-
dimensional (3D) seismic isolator were described, which were assembled using three inclined lead rubber bearing
(LRB), one horizontal LRB and a rotating steel block. The vertical displacement transforms into compression-shear
deformation of the inclined lead rubber bearings (LRBs) and frictional rotating of the friction block. It has large
bearing capacity and low vertical stiffness due to oblique shear deformation of inclined LRBs. The shear, compression
and torsion of mechanical properties of vertical isolation bearings are studied. A new kind of non-parallel hysteretic
model of vertical stiffness was illustrated. The difference between proposed model and conventional bilinear model is
that the load stiffness is larger than unload stiffness. Besides, theoretical equation considered on friction force of
vertical stiffness was conducted. Vertical compression test of model device was conducted. It can be concluded from the
test results that the device has bilinear behavior and plump hysteretic loop in vertical direction. Vertical properties
remain stable with variable loading. The theoretical value and test of vertical stiffness are similar, whose errors are
within 15%. The proposed hysteretic model can efficiently simulate the vertical mechanical behavior of a 3D seismic
isolation system. The effects of different parameters are highlighted based on the theoretical mechanical model. The
friction coefficient and inclination angle of the inclined LRBs strongly influence the vertical behavior of the proposed
device. When the friction coefficient is 0, the loading and unloading stiffness remain the same, and the mechanical
model degenerates into a conventional bilinear model. When friction exists, the loading stiffness is greater. The
maximum vertical load is defined as the vertical load when the shear strain of the inclined LRB is 300%. The maximum
vertical load and vertical yielding load decrease with increasing inclination angle and decreasing friction coefficient.
The influence of the friction for the vertical load of device reduces with increasing inclination angles. In summary, the
3D seismic isolator has good vertical mechanical properties, which can provide reference value for the practical
engineering design and application of the novel rotating 3D seismic isolator.

Keywords: three-dimensional isolation; lead rubber bearing; vertical performance; compression test; bearing
parameters
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1. Introduction
Seismic isolation is a method to reduce damage to the superstructure during earthquake ground motions. It
are reduced by lengthening the fundamental period of vibration and added damping through the introduction
of isolators with low horizontal and large vertical stiffness that decouple the superstructure from the
supporting substructure. Observations of the response of numerous base-isolated buildings in past
earthquakes, mostly favorable, have been reported. Although problems with expansion joints and some
disruption of contents have been observed, significant nonstructural component damage has not been
reported. (Staehlin et al. 1996; Gavin and Nigbor 2012; Ryan et al. 2016). It has been proved an efficient
method to protect structures from earthquake damage (Architectural Society of Japan, 2006). But
conventional isolation devices can reduce the structural response in horizontal directions only. And it does
not reduce the structural response in vertical directions. The vertical earthquake motions may be severely
distinct, even higher than horizontal component. Besides, strong vertical ground motions and structural
damage have been observed across the world (Yang and Lee, 2007). While vertical earthquakes are usually
underestimated, seismic isolation needs to balance the relationship of the low stiffness and support upper
structure to realize vertical isolation.

A new 3D isolation system was put forward (Fujita et al, 1996), using disc springs as vertical isolators
and rubber bearings as horizontal isolators. The retrofitting of the Pestalozzi school in Yugoslavia using
thick rubber bearings is the first application of 3D isolation system (Garevski et al, 2000). A device using
metal bellows in the vertical direction and rubber bearing in the horizontal direction was proposed (Ogiso et
al. 2003). Development of 3D seismic isolation technology for the next generation of nuclear power plants
(NPPs) in Japan was introduced (Masaki et al. 2003) and (Inoue et al. 2004). A nonlinear spring mechanism
consisting of an A-shaped link, coil springs, and a linear guide was proposed (Ueda et al. 2007). A 3D
isolation device was composed of a horizontal rubber bearing, vertical air spring, and sliders, which was
installed in a three story reinforced concreted apartment building in Tokyo (Tomizawa et al. 2012). The
mechanics performance test and seismic behavior of a novel 3D isolation bearing for bridges were discussed
(Jia et al. 2013). The model of the 3D rotational seismic isolation device was designed, and its vertical
compression tests were performed (Liu et al. 2013). Research on distributed flexibility and damping strategy
was conducted (Vu et al. 2014). The properties of existing 3D isolation systems and their potential
applications to modern nuclear facilities were discussed (Zhou et al. 2016). The fundamental dynamic
response of structures with 3D isolation systems is explored, and target horizontal and vertical spectra for a
representative strong motion site were developed (Eltahawy. 2017). Static test and seismic dynamic response
of an innovative 3D seismic isolation system were discussed (Liu et al. 2018). Additionally, persistent and
intensive research on 3D isolation is still needed.

This paper focused on an innovative rotating 3D seismic isolator, which was assembled using three
inclined LRBs. The vertical displacement transforms into compression-shear deformation of the inclined
LRBs and rotating friction block. It has large bearing capacity and low vertical stiffness due to shear-torque-
compression deformation of inclined LRBs. The non-parallel hysteretic model of vertical isolation bearings
was illustrated. Besides, vertical compression test and parametric analysis of model device was conducted.

2. Vertical mechanical properties and static test of the 3D isolation bearing
2.1 Composition of 3D isolation device
An innovation 3D oblique rotating friction seismic isolator (3D ORFSI) is introduced in which bearing are
installed with inclination. Proposed device consists of horizontal rubber bearing, rotating block, friction
blocks, connection blocks, inclined bearings and steel tubes. The sketch and deformation of 3D seismic
isolation device is shown in Fig.1. The inclined LRBs are installed symmetrically in a circle. The vertical
displacement transforms into compression-shear-torsion deformation of the inclined LRBs and frictional
rotating of the friction blocks, and the rotating steel block is rotating.
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Fig. 1 Sketch and deformation of 3D seismic isolation device

2.2 Mechanical model
Vertical loop is asymmetric quadrangle. Differ from conventional bilinear hysteretic model, the

stiffness in load process and unload process are different. Mechanical Model of 3D ORFSI is established
based on test results, as is displayed in Fig.2.
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Fig. 2 Non-parallel oblique hysteretic model of 3D seismic isolation device

In this paper, the vertical compressive behavior of the 3D ORFSI is mainly investigated. The 3D
ORFSI is a system that consists of a horizontal rubber bearing and three inclined LRBs. The contribution of
the horizontal rubber bearing on the vertical stiffness is ignored because its vertical stiffness is much greater.
The mechanical analysis of inclined LRB under vertical load is shown in Fig. 3.

θ

θ

δ1

d

Δ

δ
2

Slant component F1Friction force f

Vertical load Q

Slant component F2

Deformation
 position

Initial
position

Torque T

Fig. 3 Mchanical analysis of the inclined LRBs

The radius and width of concentric circles are r and dr on the rotating steel blocks, respectively. The
moment of friction is considered by the following formula.
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The negative sign means the resistance moment of friction. The radial-integral of the above formula
can obtain the moment of friction, as showing in the formula.
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The friction component of a single bearing is
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For a lead rubber bearing, the torsional stiffness can be expressed as:
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The relationship between the vertical displacement of the device and the torsional angle of the inclined
bearing is as follows:

tan vR     (5)

Torsional stiffness of 3D inclined bearing is
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The torque of a single bearing is:
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According to the deformation of the vertical inclined bearings in Fig. 3, the force analysis shows that:
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The vertical post-yield stiffness is
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Simplified, the vertical post-yield stiffness of the 3D ORFSI is obtained as follows:
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The vertical post-yield loading of the 3D ORFSI is

, 2
9
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(13)

Where Mf = rotating moment of the rotating steel block; n = number of the inclined LRBs; θ =
inclination angle of the connection block; R and r = radius of the rotating steel block and the inclined bearing,
respectively; μ = friction coefficient of the friction block and the horizontal rubber bearing;  is torsion
angle; K = torque of the rubber bearing; K = torsional stiffness of the laminated rubber bearing;
T = torque of a rubber bearing; v = vertical displacement of 3D inclined bearing.

The vertical post-yield stiffness of 3D ORFSI in unload process can be obtained with the same method,
which is:
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2.3 Static test
A vertical compression test of a model device was conducted. The load equipment was a hydraulic servo
press machine. The maximum vertical load was 2000t, and maximum horizontal load was 400t. A loading
equipment is shown in Fig.4.

Fig. 4 Loading equipment

In order to study the vertical mechanical properties of the 3D ORFSI, the effects of inclination angle
on vertical stiffness and hysteretic behavior are discussed. Cases1~2 was the angle of 15°of bearing. The
vertical force of cases1~2 were 300~800 and 500~1000kN, respectively. Cases3~5 was the angle of 25°of
bearing. The vertical force of cases3~5 were 250~550, 350~700 and 300~900kN, respectively. The real
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graph of 3D seismic isolation device is shown in Fig. 5. Mechanical parameters of used LRBs inTable 1.
Test curves are shown in Fig. 6.

Fig. 5 Real graph of 3D seismic isolation device

Table 1 Mechanical parameters of LRB300

Parameter Value

Diameter (mm) 300

Total rubber thickness (mm) 60

First shape factor S1 30

Second shape factor S2 5

Vertical stiffness, Kv (kN/mm) 1209

Post-yield stiffness, Kd (kN/mm) 0.668
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Fig. 6 Hysteretic curve of the different cases: (a) Cases1~2 was the angle of 15°of bearing. The vertical force
of cases1~2 were 300~800 and 500~1000kN, respectively. (b) Cases3~5 was the angle of 25°of bearing. The
vertical force of cases3~5 were 250~550, 350~700 and 300~900kN, respectively.

Test value and theory value are approximate and errors are within 15%. Theory value and test results
is list in Table 2. Comparison of theory loop and test loops is shown in Fig. 7. The loops match well.
Presented mechanical model can simulate vertical behavior of 3D ORFSI efficiently.

Table 2 Vertical stiffness of 3D isolator

Case
Vertical stiffness Kvd,L(kN/mm)

Test Theory Error

Case1 35 40 14.29%

Case2 38 40 5.26%

Case3 15 14 6.67%

Case4 13 14 7.69%

Case5 16 14 12.50%

Fig. 7 Comparison of theory and test: (a) Comparison of test loop, theory loop and numerical analysis loop of
inclination angle 15° for case 2; (b) Comparison of test loop, theory loop and numerical analysis loop of
inclination angle 25° for case 4.

3. Parametric analysis of the mechanical properties of 3D ORFSI
In order to further study the vertical mechanical properties of the 3D ORFSI, the inclination angle and

friction coefficient parameters are analyzed. The variation in the mechanical properties with different
parameter values can be obtained according to proposed theoretical model in the previous section. The
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calculation model is based on a device in which three LRB300s are used as the inclined LRBs. The geometry
and mechanical properties of the selected LRB300s are shown in Table 3.

Table 3 Mechanical parameters of LRB300

Parameter Value

Diameter(mm) 300

Total rubber thickness (mm) 60

Lead core diameter (mm) 70

Shear modulus (MPa) 0.6

First shape factor S1 30

Second shape factor S2 5

Vertical stiffness, Kv (kN/mm) 1209

Post-yield stiffness, Kd (kN/mm) 0.668
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Fig. 8. Variation in the mechanical properties with inclination angle and friction coefficient: (a) variation in
post-yield loading stiffness with inclination angle; (b) variation in post-yield unloading stiffness with
inclination angle; (c) variation in loading and unloading stiffness ratio with inclination angle; (d) variation in
LRB pressure with inclination angle when the shear strain is 100%; (e) variation in maximum vertical load
with inclination angle; (f) variation in vertical yielding load with inclination angle.

The friction coefficient and inclination angle of the inclined LRBs strongly influence the vertical
behavior of the proposed device. Fig. 8 (a and b) shows that the vertical stiffness of the 3D ORFSI decreases
with increasing inclination angle. The vertical stiffness varies dramatically when the inclination angle is
lower than 15° and slightly when the inclination angle is larger than 15°. The variation in the ratio of the
vertical post-yield loading and unloading stiffness is shown in Fig. 8 (c). When the friction coefficient is 0,
the loading and unloading stiffness remain the same, and the mechanical model degenerates into a
conventional bilinear model. When friction exists, the loading stiffness is greater. The pressure of the
inclined LRB when its shear strain is 100% is presented in Fig. 8(d). The pressure increases with the friction
coefficient. The pressure decreases and the influence of the friction reduces with inceasing inclination angle.
The highest pressure for inclination angles between 12° and 30° is lower than 10 Mpa. The variation in the
maximum vertical load and vertical yielding load with inclination angle are displayed in Figs. 8 (e and f),
respectively. The maximum vertical load is defined as the vertical load when the shear strain of the inclined
LRB is 300%. The maximum vertical load and vertical yielding load decrease with increasing inclination
angle and decreasing friction coefficient. The influence of the friction reduces with increasing inclination
angle.
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4. Conclusions
In this paper, a novel 3D ORFSI was proposed, and the static test was conducted. Based on test results, the
asymmetric hysteretic model and parametric analysis of the 3D ORFSI system was studied. The main
conclusions drawn from this study are as follows:

(1) In the proposed device rubber bearings are installed with inclination angle and it can transform vertical
deformation into shear-torque-compression of the inclined bearings. Thus a balance between high supporting
capacity and low vertical stiffness can be realized. The vertical hysteretic loop of the 3D ORFSI system is
asymmetrically quadrilateral, and the stiffness in the loading process and unloading process are different.

(2) A vertical compression test of 3D isolator was conducted. The mechanical model of 3D ORFSI system
was established, and the corresponding calculation formulas of the proposed model were presented. The
proposed hysteretic model was then compared with the test result for validation, which shows good
agreement (within 15% error). The proposed mechanical model is able to be used in simulating the vertical
behavior of the proposed system with a reasonable accuracy.

(3) Parametric analyses were conducted. It is found that the inclination angle and friction have strong
influence on vertical performance of 3D ORFSI system.
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