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Abstract: This paper aimed at evaluating the influence of different vertical equivalent damping ratios
of a 3-dimensional combined isolation bearing (3D-CIB) as regards seismic response and isolation
effectiveness. A comparative study of the seismic response in terms of acceleration floor response
spectra (FRS), peak acceleration, displacement response of the nuclear reactor building, and dynamic
response of the 3D-CIB was carried out. The results showed that: (1) the horizontal FRS is slightly
influenced by the vertical equivalent damping ratio of 3D-CIB, whereas the increase of the vertical
equivalent damping ratio has a significant effect on reducing the vertical FRS; (2) the peak vertical
acceleration increased with the decrease in the vertical equivalent damping ratios of 3D-CIB and the
difference of peak accelerations calculated by the damping ratio of 20 and 25% is within 10%; (3) the
increase of the vertical equivalent damping ratio is capable of reducing the horizontal displacement
and the rocking effect of the superstructure, and effectively controlling the vertical displacement
amplitude; and (4) the vertical equivalent damping ratio of 3D-CIB has a slight effect on its axial
force. Consequently, it is demonstrated that the increase of the vertical equivalent damping ratio is
advantageous for isolation effectiveness. From the view of displacement control, it is suggested that
the 3D-CIB with the vertical an equivalent damping ratio of 15~20% is appropriate and acceptable.

Keywords: 3D base-seismic isolation; 3-dimensional combined isolation bearing (3D-CIB); vertical
equivalent damping ratio; isolation effectiveness

1. Introduction

Earthquakes are one of the most potentially destructive natural disasters, causing great
loss of property and life. In the traditional seismic design of structures, seismic resistance
is enhanced by increasing the strength of the structural components. In the past, several
kinds of new passive and active techniques have been developed to reduce the disaster of
earthquakes, with base isolation a popular seismic protection technology whereby some
bearings with low stiffness are interposed between the structure and the ground [1–4]. In
recent years, innovative methods have been developed to increase the efficiency and safety
of structures against earthquakes. Since the seismic base isolation system can decrease
the total energy transmitted from the ground to the superstructure, it has been studied
extensively. Different types of isolation bearings have been developed as effective strategies
to protect infrastructure from seismic hazards [5–9]. For instance, steel-rubber isolators
with rubber cores [10,11], natural rubber bearings equipped with high toughness steel
ring dampers [12], natural rubber bearings equipped with steel and shape memory alloys
dampers [13], new rectangular rubber isolators with square rubber cores [14], and laminate
rubber bearings (LRB) [15]; the above isolators are used for horizontal isolation.

Moreover, earthquakes are one of the most severe natural disasters that threaten the
safety of nuclear power plants (NPPs). Although isolation technology has been widely
deployed for industrial and civil buildings, bridges, and certain classes of infrastructure,
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the application of base isolation technology in NPPs is limited. Among all NPPs currently
in commercial operation worldwide, only Koeberg in South Africa and Cruas in France
have adopted base isolation technology, in which neoprene rubber bearings, including flat
sliders in some installations, have been used as the horizontal base isolation [16,17]. The
main reasons for the limited use of seismic isolation in NPPs, its development, and future
research needs have been presented and identified [18,19]. Based on many new theories
and techniques, the base isolation of NPPs in the horizontal direction has been widely
studied. These conventional base isolation systems clearly show the benefits of seismic
isolation in the horizontal direction. However, the vertical ground motions transmitted
through the isolation system were either unchanged or even magnified [17,20–22].

It is known that the vertical seismic design of NPPs is as necessary and important
as the horizontal directions, especially for the high intensity zone. If 3D seismic isolation
is achieved, it would substantially enhance the economy and safety of NPPs. Hence, it
is beneficial that a few isolation systems are invented to provide vertical isolation for
NPPs. Various attempts have been made to provide enhanced protection against the
vertical component of ground motion by using a complete three-dimensional (3D) seismic
isolation system, or adding a vertical isolation system in combination with a horizontal
isolation component or the vertical isolation of the main components associated to the
horizontal base-isolation structure. Several vertical and 3D isolation systems which have
potential application in modern nuclear facilities have been examined [23]. Devices such
as the rolling seal-type air spring [24,25], hydraulic isolation systems [26], and coned disk
springs [27–30] have been developed to provide isolation in the vertical direction. In order
to achieve the effectiveness of 3D seismic isolation, they are proposed to be combined with
a horizontal isolation component.

Although 3D seismic base isolation has not yet been applied to the engineering
practice of NPPs, its development has become an attractive area of research. Since coned
disk springs have high vertical bearing capacity and also low vertical stiffness, this method
was selected to decouple the superstructure from the vertical component of ground motion.
In this study, a new 3D combined isolation bearing (3D-CIB), composed of LRB coupled
with the combined disk spring bearing (CDSB), is proposed. LRB is used as horizontal
isolation component, with CDSB used as the vertical isolation component at the bottom. In
this way, the combination of LRB and CDSB can achieve 3D seismic isolation. In contrast
to the traditional bearings of coned disk springs with only one disk spring column [27–30],
CDSB is composed of one main column and several auxiliary columns of coned disk
springs. The advantage of CDSB is that the constitution can be flexibly adjusted according
to the requirements of the bearing capacity and vertical stiffness. It should be noted that
CDSB itself has a high damping ratio, i.e., 0.2–0.3, due to the large number of coned
disk springs stacked [31]. Since the equivalent damping ratio of CDSB is an important
parameter affecting isolation performance, it is necessary to conduct a performance test to
measure the vertical equivalent damping ratio for the practical application of CDSB. To
investigate the influence of different vertical equivalent damping ratios of 3D-CIB on the
seismic response and isolation effectiveness, four vertical equivalent damping ratios were
assumed in this paper. Subsequently, a comparative study of the seismic response in terms
of acceleration floor response spectra (FRS), peak acceleration, displacement response of
the nuclear reactor building, and the dynamic response of 3D-CIB was carried out.

2. Design of 3D Combined Isolation Bearing (3D-CIB)
2.1. Design Theory and Parameters of CDSB

A typical plan and section view of the CDSB is illustrated in Figure 1. The main
column of disk spring is located in the center, and the auxiliary columns are uniformly
distributed on a large circle with a certain radius. It is worth noting that the number of
auxiliary columns m can be flexibly adjusted according to the bearing capacity and vertical
stiffness requirements of the CDSB. The main and auxiliary columns are all equipped
with central guide tubes, and the bottom of each central guide tube is rigidly connected
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to the bottom connection plate. The central guide tube is installed in the stack in order
to prevent excessive side slip. The upper part of each main and auxiliary column is
connected to a guide sleeve, which is integrated with the top connection plate. These
components including the bottom connection plate, central guide tubes, guide sleeves, and
top connection plate together ensure that the horizontal stiffness of the CDSB is sufficient.

Figure 1. Typical plan and section view of the combined disk spring bearing (CDSB). (a) Plan view;
(b) Section view.

The compound combination adopted for CDSB is achieved through stacking the coned
disk springs of the same shape in parallel, and then by piling up this set more and more
in several series. The main column was composed by stacking nc coned disk springs in
parallel, and then ic sets in series, which made up nc × ic disk springs in total. Similarly,
each auxiliary column was composed of the stack of ns coned disk springs in parallel, and
then is sets in series. The characteristic parameters of a coned disk spring with bearing
surface, including the outer diameter (D), inner diameter (d), thickness of the bearing
surface (t), and inner coned height (h), are shown in Figure 2. Accordingly, for the main
and auxiliary coned disk springs, the above parameters are denoted as Dc, dc, tc, hc and Ds,
ds, ts, hs, respectively.

Figure 2. Structure size of single disk spring with bearing surface.

The principle of the coned disk spring was first presented by Almen and Laszlo [32]
and then recommended for the existing national standard for coned disk springs [33].
Considering the main disk spring as an example, when the vertical load Fc acts on the inner
circumference of the coned disk spring, the deformation fc occurs:

FC =
4E

1 − µ2 ·
t4
C

K1D2
C
· K2

4
fC
tC

[
K2

4

(
hC
tC

− fC
tC

)(
hC
tC

− fC
2tC

)
+ 1
]

(1)

where E is the elasticity modulus, µ is Poisson’s ratio, and K1 and K4 are calculation coefficients.
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When the main disk spring is flattened, that is, fc = hc, Equation (1) yields the critical
load of a coned disk spring FCc, as follows:

FCc = F( fC=hC)
=

4E
1 − µ2 ·

t3
ChC

K1D2
C
· K2

4 (2)

The critical load of a single auxiliary disk spring FSc can be obtained in a similar
manner. Finally, the critical load of the CDSB can be expressed as:

FCDSBc = FVC + mFVS = nCFCc + mnSFSc (3)

It is assumed that the weight of the superstructure borne by each CDSB is defined as
F. Then, according to the deformation characteristics of the compound combination, the
preloading initial deformation can be obtained as fCDSB = icfc = isfs.

According to the stiffness definition of the coned disk spring, under the initial defor-
mation of the main disk spring fc, its vertical stiffness KC can be derived:

KC =
dFC
d fC

=
4E

1 − µ2 ·
t3
C

K1D2
C

K2
4

{
K2

4

[(
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tC

)2
− 3
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hC
tC

)(
fC
tC

)
+

3
2

(
fC
tC

)2
]
+ 1

}
(4)

Further, the vertical stiffness of the main and auxiliary columns of the CDSB can be
inferred as follows:

KVC = nCKC/iC
KVS = nSKS/iS

(5)

Finally, the total vertical stiffness of the CDSB is obtained as follows:

KV CDSB = KVC + mKVS (6)

Owing to the large weight of the nuclear reactor building, a total of 245 bearings were
set, and the average gravity load borne by each bearing was 2843 kN. Since many factors
such as strength, critical load, and deformation should be considered in the design of the
coned disk spring, after the trial calculation the geometrical parameters of the coned disk
spring with the bearing surface were finally confirmed, as shown in Table 1.

Table 1. Geometrical parameters of the coned disk spring.

Type Outer
Diameter (D)

Inner
Diameter (d)

Thickness of
Bearing Surface (t)

Inner Cone
Height (h)

Main disk spring 320 106.7 17.6 8.8

Auxiliary disk spring 160 53.3 8.8 4.4
(Unit: mm).

According to Equation (2), the critical loads of the single main and auxiliary disk
spring are FCc = 623.1 kN and FSc = 155.8 kN, respectively. For the compound combination
of the CDSB in this paper, m = 6, nc = ns = 4, is = 2ic = 28. According to Equation (3), the
critical load of the CDSB is FCDSBc = 6231.3 kN.

Based on the preloading initial displacement of the main and auxiliary disk spring,
it can be obtained from Equation (4) that the vertical stiffness values of the single main
and auxiliary coned disk spring are KC = 7.238 × 107 N/m and KS = 1/2KC, respectively.
Finally, according to Equation (5) and Equation (6), the vertical stiffness of the CDSB can be
obtained KVCDSB = 5.170 × 107 N/m.

2.2. Design Theory of 3D-CIB

3D-CIB consists of a CDSB to provide vertical isolation, which is supported by a LRB to
provide horizontal isolation. The CDSB and LRB are stacked in series using high-strength
bolts, as illustrated in Figure 3. The LRB has small horizontal stiffness and high vertical
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stiffness, whereas the CDSB exhibits high horizontal stiffness, and its vertical stiffness is
significantly lower than that of the LRB. Therefore, it can be inferred that the horizontal
stiffness (KH3D−CIB ) of the 3D-CIB only considers the horizontal stiffness of the LRB (KHLRB ),
and the vertical stiffness (KV3D−CIB) is calculated according to a series combination of LRB
and CDSB. In summary, the horizontal and vertical stiffness of the 3D-CIB is as follows:

K
H 3D − CIB = KH LRB

K
V 3D − CIB = KV LRBKV CDSB/(KV LRB + KV CDSB)

(7)

Figure 3. Section view of the 3D combined isolation bearing (3D-CIB).

In this study, the LRB with an additional lead core to enhance the energy dissipation
capacity was used, with the vertical stiffness KVLRB = 3.392 × 109 N/m, initial stiffness
before yield Ku = 1.32 × 107 N/m, stiffness after yield Kd = 1.2 × 106 N/m, yield load
Qd = 113 kN, equivalent damping ratio ζeq = 0.25, and ultimate shear displacement
Dult = 40 cm. According to Equation (7), the vertical stiffness values of the 3D-CIB can
be obtained KV3D−CIB = 5.092 × 107 N/m.

3. Basic Data for Numerical Analysis
3.1. 3D Base-Isolated Nuclear Reactor Building

In this study, the nuclear reactor building includes three parts: raft foundation, contain-
ment, and internal structure. The outer diameter, height, and thickness of the containment
were 51.2, 69.0, and 1.15 m, respectively. The commercial finite element software ANSYS
was employed to establish the 3D model, as shown in Figure 4. The raft foundation,
with a thickness of 3.5 m (EL. 5.2–8.7 m), was meshed by the element type of Solid 185.
Containment was meshed by the element type of Shell 181, and the element sizes of the
cylinder and dome were approximately 1.6 m × 1.7 m and 1.6 m × 1.2 m, respectively.
To simplify the model and reduce the calculation time, a lumped mass stick model of the
internal structure was developed by the element type of Beam 188 and Mass 21. Generally,
the properties of the lumped mass stick model were back-calculated from an analysis of
the real 3D structure, and can represent the dynamic characteristics of the real 3D structure.
The total weight of the nuclear reactor building was 70,966 tons. A total of 245 isolation
bearings were uniformly distributed beneath the raft foundation, as shown in Figure 5. The
element type of COMBIN40, in which both the bilinear strengthening model and the effects
of viscous damping are considered, was adopted to simulate the horizontal behavior of
3D-CIB. COMBIN40 includes two spring constants (K1 and K2), damping coefficient (C),
mass constant (M), gap size (GAP), and limiting sliding force (FSLIDE). The relationship
among initial stiffness Ku, K1, and K2 is that Ku = K1 + K2. Mass constant (M) and gap size
(GAP) are set to zero for isolators. The element type of COMBIN14, whose real constants
include the spring constant (K) and damping coefficient (CV), was adopted to simulate the
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vertical characteristics of 3D-CIB. The geometry and mechanical models of COMBIN14 and
COMBIN40 are shown in Figure 6. Thus, one element of COMBIN14 and two elements
of COMBIN40 were used to simulate an isolation bearing in which one node of each ele-
ment was shared with the bottom node of the raft foundation, and the other node was a
fixed constraint (i.e., restraining degrees of freedom (DoF) of translation along the three
orthogonal directions) for the boundary condition.

Figure 4. Finite element model of a nuclear reactor building.

Figure 5. Layout of discrete 3D-CIBs beneath the raft foundation.

Figure 6. The geometry and mechanical model of the spring-damper element. (a) COMBIN14;
(b) COMBIN40.
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3.2. Input Ground Motion

In this paper, the three translational components of the artificial acceleration time
histories, plotted in Figure 7, are the input ground motions. The corresponding response
spectra for a damping ratio of 5%, plotted in Figure 8, are the design response spectra of
the Regulatory Guide 1.60 [34]. The peak ground acceleration in both the horizontal and
vertical directions is 2.943 m/s2, i.e., 0.3 g (g = 9.81 m/s2), the total duration and time step
is 28 s and 0.01 s, respectively. All three components were statistically independent of each
other. Consequently, according to the Regulatory Guide 1.92 [35], the seismic response of
the structure was directly obtained from the algebraic summation.

Figure 7. The acceleration time-histories of seismic motion. (a) In the horizontal direction X; (b) In the horizontal direction
Y; (c) In the vertical direction Z.

Figure 8. The acceleration response spectra of the input ground motion.
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4. Results and Discussion

Firstly, a modal analysis of both a non-isolated and 3D base-isolated nuclear reactor
building was performed. Subsequently, to investigate the influence of different vertical
equivalent damping ratios of 3D-CIB on the seismic response and isolation effectiveness,
four vertical equivalent damping ratios of 10, 15, 20, and 25% for 3D-CIB were assumed
in this paper. Finally, the seismic isolation effectiveness of 3D-CIB with different vertical
equivalent damping ratios was compared and discussed.

4.1. Modal Analysis

Firstly, the main frequencies and mode shapes that reflect the dynamic characteristics
of the non-isolated and 3D base-isolated nuclear reactor building can be obtained. The
main frequencies are provided in Table 2. In this table, “UX, UY, UZ” denote the DoFs
of translation in the, X, Y, and Z directions, respectively. “ROTZ” denotes the DoF of
torsion around the Z-axis. “FIXED” and “3D-CIB” denote the results calculated for the
non-isolated and 3D base-isolated structure with 3D-CIB, respectively. As can be seen in
Table 2, the main frequencies of the 3D isolated structure for the DoFs of both translation
and torsion are significantly reduced compared to that of the non-isolated structure. The
comparison of these frequencies confirms that the design objective is reached.

Table 2. Comparison of the natural frequencies of vibration.

ORDER MODE 3D-CIB FIXED

1 UX 0.705 4.541

2 UY 0.710 4.540

3 ROTZ 1.086 9.455

4 UZ 2.084 13.750
(Unit: Hz).

4.2. Comparison of Floor Response Spectra (FRS)

The seismic demands for safety-related secondary mechanical, electrical, and piping
systems in NPPs are generally using FRS. A comparative study of the FRS was focused on
the representative nodes, including containment nodes located at the ring crane (NODE 12)
and dome top (NODE 13), secondary top node (NODE 3), and top node (NODE 4) of the
internal structure, as shown in Figure 4. It is noticed that the horizontal FRS for NODE
3 and NODE 4 of the internal structure is extracted only in the X direction, owing to
the structural symmetry in the horizontal plane. For brevity, the 5% damped FRS for
the horizontal and vertical directions are plotted in Figures 9 and 10, respectively. The
legends of “FIXED” and “25%” denote the results calculated for the non-isolated structure
and 3D base-isolated structure of 3D-CIB with a vertical equivalent damping ratio of
25%, respectively. Moreover, a comparison of the spectral acceleration peak value (Smax),
reduction rate of Smax(δ), and zero period acceleration (ZPA) of the horizontal and vertical
FRS are summarized in Tables 3 and 4, respectively.

Table 3. Comparison of peak values and ZPA of the FRS in the horizontal direction.

TYPE
NODE12_X NODE12_Y NODE13_X NODE13_Y

Smax (g) δ ZPA (g) Smax (g) δ ZPA (g) Smax (g) δ ZPA (g) Smax (g) δ ZPA (g)

25% 0.776 12.4% 0.232 0.855 14.1% 0.264 0.977 13.2% 0.294 1.102 15.0% 0.349

20% 0.809 8.7% 0.245 0.896 10.0% 0.272 1.022 9.2% 0.305 1.160 10.6% 0.361

15% 0.845 4.6% 0.259 0.943 5.2% 0.280 1.071 4.9% 0.320 1.225 5.6% 0.374

10% 0.886 - 0.275 0.995 - 0.290 1.126 - 0.340 1.297 - 0.389

FIXED 4.624 - 0.871 4.928 - 0.963 5.896 - 1.171 5.955 - 1.179



Energies 2021, 14, 4602 9 of 20

Table 4. Comparison of peak values and ZPA of the FRS in the vertical direction.

TYPE
NODE3 NODE4 NODE12 NODE13

Smax (g) δ ZPA (g) Smax (g) δ ZPA (g) Smax (g) δ ZPA (g) Smax (g) δ ZPA (g)

25% 1.219 42.2% 0.330 1.220 42.2% 0.331 1.460 40.3% 0.410 1.289 42.5% 0.359

20% 1.387 34.2% 0.362 1.389 34.2% 0.363 1.669 31.8% 0.425 1.479 34.1% 0.382

15% 1.664 21.1% 0.399 1.666 21.1% 0.400 1.970 19.5% 0.441 1.772 21.0% 0.420

10% 2.109 - 0.460 2.111 - 0.460 2.448 - 0.509 2.243 - 0.479

FIXED 2.444 - 0.552 2.539 - 0.570 2.426 - 0.647 6.776 - 1.329
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4.2.1. Analysis of FRS in the Horizontal Direction

It can be observed from Figure 9 that there are no apparent differences among the
spectral shapes and values of the 3D isolated structures with different vertical equivalent
damping ratios, and the first peak states all occurred near the horizontal isolation frequency.
Additionally, the spectral values in high-frequency range (i.e., above 1.0–2.0 Hz) are sig-
nificantly reduced, compared to those of the non-isolated structures. Overall, the spectral
peak values and ZPA slightly increased with a decrease of vertical equivalent damping
ratio. Especially for containment nodes, it can be seen from Table 3 that the spectral peak
values calculated by 15, 20, and 25% of vertical equivalent damping ratios are reduced by
approximately 5, 10, and 15% respectively, compared with the corresponding results of
the damping ratio 10%. For internal structural nodes, the spectral peak values and ZPA
calculated by different equivalent damping ratios are almost the same. In summary, it can
be concluded that the horizontal FRS was slightly influenced by the vertical equivalent
damping ratio of 3D-CIB.

4.2.2. Analysis of the FRS in the Vertical Direction

As shown in Figure 10, the spectral shapes calculated by different vertical equivalent
damping ratios are similar, and all of them have peak values at 2.2 Hz. Furthermore, the
peak values and the spectral values to the right of spectral peak increased obviously with a
decrease in the vertical equivalent damping ratio. As summarized in Table 4, the spectral
peak values calculated by the vertical equivalent damping ratios of 15, 20, and 25% are
approximately 20, 35, and 40% lower than the corresponding results of the damping ratio
of 10%. Hence, it can be concluded that the increase of the vertical equivalent damping
ratio has a significant effect on reducing the vertical FRS.

In addition, the spectral values near the peak frequency and to the left of the spectral
peak are significantly magnified in comparison to those of the non-isolated structure. In
contrast, the spectral values of the frequency range greater than approximately 3.5 Hz are
obviously reduced.
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Figure 10. Comparison of the FRS of containment and internal structures in the vertical direction. (a) NODE 12; (b) NODE 13;
(c) NODE 3; (d) NODE 4.

4.3. Comparison of Peak Acceleration Response

In this section, the acceleration response of the nodes at different elevations of the
containment and internal structure, as shown in Figure 4, were extracted. The absolute
peak accelerations versus the height of containment and internal structure are plotted in
Figures 11 and 12, respectively. In general, it appeared that both the horizontal and vertical
peak accelerations of the 3D isolated structure did not vary much with height, whereas
they were obviously amplified along the height of the non-isolated structure.
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Figure 11. Comparison of the peak acceleration response of the containment. (a) In the horizontal direction X; (b) In the
horizontal direction Y; (c) In the vertical direction Z.

As shown in Figures 11 and 12, the peak values of the horizontal acceleration response
calculated by different vertical equivalent damping ratios of 3D-CIB are equivalent in the
middle and lower parts of the containment and internal structures, while the peak values
slightly increased with the decrease of the equivalent damping ratio in the upper structure.
Take the dome top node for example, compared with the vertical equivalent damping
ratio of 10%, the calculated values of 15, 20, and 25% are reduced by 5.9, 10.5, and 13.8%,
respectively. For the internal structure, the peak value of the Y-direction is little affected by
the vertical equivalent damping ratio from the bottom to the top.

In the vertical direction, it is evident that the peak vertical acceleration increased
with a decrease in the vertical equivalent damping ratios of 3D-CIB. For the top nodes of
containment and internal structure, compared to the non-isolated structure, the substantial
reduction ratios calculated by the vertical equivalent damping ratios of 10, 15, 20, and 25%
were 63.5, 68.2, 71.0, and 72.6%, and 22.2, 28.9, 35.7, and 41.2%, respectively. Moreover,
compared with the peak acceleration of the vertical equivalent damping ratio of 25%, the
corresponding results of 10, 15, and 20% are increased by 33.1, 16.1, and 5.9%, and 39.2,



Energies 2021, 14, 4602 13 of 20

20.9, and 9.4%, respectively. For the sub top node of the containment, compared to the
non-isolated structure, the substantial reduction ratios calculated by the vertical equivalent
damping ratios of 10, 15, 20, and 25% were 21.0, 31.4, 33.8, and 36.0%, respectively. Com-
pared with the vertical equivalent damping ratio of 25%, the calculated values of 10, 15,
and 20% are increased by 24.5, 7.3, and 3.5%, respectively. From the above comparison, it
can be inferred that the difference of peak accelerations calculated by the damping ratio of
20 and 25% is within 10%.

Figure 12. Comparison of the peak acceleration response of the internal structure. (a) In the horizontal direction X; (b) In
the horizontal direction Y; (c) In the vertical direction Z.

4.4. Comparison of Relative Displacement Response

The displacement response of the 3D isolated and non-isolated structures relative to
the ground is presented in this section. Note that all the displacement responses were
obtained by considering the action of a gravity superimposed earthquake. The peak
displacements of the nodes at different elevations of the containment and internal structures
are plotted in Figures 13 and 14, respectively. The legends “25%+” and “25%−” denote the
displacement response along the coordinate axis in the positive and negative directions,
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which is calculated by 3D isolated structure of 3D-CIB with a vertical equivalent damping
ratio of 25%.
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Figure 13. Comparison of the peak displacement response of the containment. (a) In the horizontal direction X; (b) In the
horizontal direction Y; (c) In the vertical direction Z.

It is observed that the horizontal peak displacement along the positive direction of
the middle and upper part of containment and internal structure, calculated by different
vertical equivalent damping ratios of isolation bearings, is slightly different, increasing
slightly with the decrease of damping ratio. However, the horizontal peak displacement of
containment and internal structure along the negative direction increases with a decrease
in the vertical equivalent damping ratio. For the dome top node, the peak horizontal
displacement of the dome top in the negative direction of the X-axis for 10, 15, 20, and
25%, as shown in Figure 13a, was 14.15, 13.40, 12.72, and 12.10 cm, respectively. Compared
with the vertical equivalent damping ratio of 25%, the peak values calculated by 20, 15,
and 10% are increased by 5.1, 10.8, and 14.5%, respectively. In addition, it is clear that
the peak horizontal displacement of the 3D isolated reactor building is undergoing some
amplification along the height due to rocking effect. For the containment, the rocking ratio
(i.e., the horizontal displacement of the dome top relative to the raft foundation divided
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by the height of dome top) for 10, 15, 20, and 25%, was 1/837, 1/891, 1/943, and 1/997,
respectively. Thus, compared with the vertical equivalent damping ratio of 25%, the rocking
ratios calculated by 10, 15, and 20% are increased by 19.1, 11.9, and 5.7%, respectively. 
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Figure 14. Comparison of the peak displacement response of the internal structure (a) In the horizontal direction X;
(b) In the horizontal direction Y; (c) In the vertical direction Z.

As shown in Figures 13c and 14c, for the 3D isolated structure, the peak vertical
displacement along the positive direction of the Z-axis is less than zero. Under earthquake
action, the vertical vibration displacement calculated by different vertical equivalent damp-
ing ratios increased with the decrease of damping ratio. The vertical displacement vibration
amplitudes of nodes at the top edge and center of the raft foundation as shown in Figure 5,
calculated by vertical equivalent damping ratios of 10, 15, 20, and 25%, are 8.77, 8.00, 7.41,
and 6.97 cm, and 4.47, 3.94, 3.53, and 3.19 cm, respectively. Consequently, compared with
the vertical equivalent damping ratio of 25%, the displacement amplitude calculated by 10,
15, and 20% are increased by 25.7, 14.7, and 6.3%, and 39.9, 23.3, and 10.7%, respectively.
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4.5. Dynamic Response of 3D-CIB
4.5.1. Hysteretic Response of 3D-CIB

As there are 245 bearings in the model, it is unfeasible to illustrate the response results
of all the isolators. Therefore, the response of the center 3D-CIB is discussed in this section.
For the 3D-CIB with different vertical equivalent damping ratios, its shape of hysteretic
curves of shear and axial force-displacement response is similar, so the hysteretic shear
and axial force-displacement response for the central 3D-CIB with damping ratio of 20% is
shown in Figure 15. It can be seen that the hysteretic shape in the horizontal direction is
different from the idealized hysteresis behavior of the bilinear mechanical model of LRB,
due to the coupling effect of LRB and CDSB. For the axial force-displacement response, the
hysteretic behavior performed ellipse, because the vertical stiffness of 3D-CIB is linear.

Figure 15. Hysteretic shear and axial force-displacement response of central 3D-CIB. (a) In the horizontal direction X; (b) In
the vertical direction Z.

4.5.2. Vertical Displacement Response of 3D-CIB

A total of 17 bearings were arranged along the Y-axis beneath the raft foundation,
as shown in Figure 5. The peak vertical displacements of 3D-CIB with different vertical
equivalent damping ratios are shown in Figure 16. It is evident that the peak vertical
displacements are all less than zero, which means that they are all in a compressed state
under the action of the gravity superimposed earthquake. The peak vertical displacement
along the negative direction and the displacement vibration amplitude of bearings with
different vertical damping ratio increased with the decrease of equivalent damping ratios.
Furthermore, the vertical displacement amplitude of the 3D-CIB near the edge was larger
than that near the center, and the smaller the vertical damping ratio was, the more obvious
the amplification effect. It was demonstrated that the rocking effect of the raft foundation
occurred during the earthquake.

Figure 17 presents a comparison of the vertical displacement time histories of the
center and edge bearings, as shown in Figure 5. Under the action of gravity, the initial
displacements of the 3D-CIB at the center and edge are −5.56 and −5.65 cm, respectively.
Then, under the gravity superposition earthquake action, the peak vertical displacements of
the bearings with vertical equivalent damping ratios of 25, 20, 15, and 10% are −7.13, −7.37,
−7.66, and −8.02 cm, and −9.26, −9.51, −9.81, and −10.14 cm, respectively. Compared
with the peak vertical displacement of the bearing with a damping ratio of 25%, the
corresponding results of 10, 15, and 20% are increased by 12.4, 7.3, and 3.3%, and 9.5, 5.9,
and 2.6%, respectively. Further, the deformation of the single main coned disk spring of the
center and edge 3D-CIB with vertical equivalent damping ratios of 25, 20, 15, and 10% was
5.10, 5.27, 5.47, and 5.73 mm, and 6.61, 6.79, 7.01, and 7.25 mm, corresponding to 0.58hC,
0.60hC, 0.62hC, 0.65hC, and 0.75hC, 0.77hC, 0.80hC, and 0.82hC, respectively. It is worth
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noting that the above deformation of the single main coned disk located at the center and
edge was for all scenarios all less than hC.
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Figure 17. Comparison of the vertical relative displacement response of the center and edge 3D-CIBs. (a) At center; (b) At edge.

4.5.3. Comparison of the Axial Force of 3D-CIB

Under the action of the gravity superimposed earthquake, the peak axial forces of
the bearings along the Y-axis are extracted as shown in Figure 18, in which the legend
“3D-CIB-G” denotes the initial axial force of the bearings under the gravity action of
the superstructure. It should be noted that the axial force of the 3D-CIB is positive in
compression and negative in tension. As plotted in Figure 18, the initial axial forces of the
bearings are uniform. Additionally, it is clear that the axial forces of bearings are all greater
than zero, which means that they are all in compression, without the potential uplift. When
the earthquake vibrated downward, the peak axial force of bearings decreased with the
increase of the vertical equivalent damping ratio. In addition, the vertical force of the
isolation bearing near the edge is obviously larger than that at the center. Taking the two
side edge bearings along the positive and negative direction as an example, the peak axial
force of bearings with damping ratios of 25, 20, 15, and 10% is 4.953, 5.021, 5.063, and
5.200 × 106 N, and 4.838, 4.921, 5.040, and 5.189 × 106 N, and all less than the critical load
FCDSB = 6231.3 kN. Moreover, compared with the damping ratio of 25%, the peak axial
force of bearings of 10, 15, and 20% are reduced by 5.0, 2.2, and 1.4%, and 7.2, 2.4, and 1.7%,
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respectively. To sum up, the above results illustrated that the vertical equivalent damping
ratio of 3D-CIB had a slight effect on axial force.

Figure 18. Comparison of the peak axial force of the 3D-CIBs along Y-axis.

5. Conclusions

This study aimed at evaluating the influence of different vertical equivalent damping
ratios of 3D-CIB on the seismic response and isolation effectiveness, with four vertical
equivalent damping ratios assumed. A comparison analysis of seismic response in terms
of the FRS, peak acceleration, displacement response of a nuclear reactor building, and
dynamic response of a 3D-CIB was performed. It was found that: (1) the horizontal FRS is
slightly influenced by the vertical equivalent damping ratio of the 3D-CIB, whereas the
increase of the vertical equivalent damping ratio has a significant effect on reducing the
vertical FRS; (2) the peak vertical acceleration increased with the decrease in the vertical
equivalent damping ratios of the 3D-CIB, and the difference of peak accelerations calculated
by the damping ratios of 20 and 25% is within 10%; (3) the increase of the vertical equivalent
damping ratio is capable of reducing the horizontal displacement and the rocking effect of
the superstructure, and effectively controlling the vertical displacement amplitude. When
the vertical equivalent damping ratio was 15 and 20%, the horizontal displacement and
the rocking ratio of the superstructure was 5~12% higher than the corresponding results
of 25%, and the vertical compression displacement of the 3D-CIB is increased by within
8%; (4) the vertical equivalent damping ratio of the 3D-CIB has a slight effect on its axial
force. Consequently, it was demonstrated that the increase of vertical equivalent damping
ratio is advantageous for isolation effectiveness. From the point of view of displacement
control, it is suggested that a 3D-CIB with the vertical equivalent damping ratio of 15~20%
is appropriate and acceptable. Since rocking motion is inevitable for the 3D base-isolated
structure, and excessive rocking motion is undesired and should be suppressed for NPPs,
the study of a rocking suppression device will be carried out in the future.
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