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Damping has a significant influence on the calculation of structural seismic response. In this paper, we compare the commonly
used viscous damping (Rayleigh damping (RD) and Caughey damping (CD)) in combination with the isolated structure test. To
avoid the arbitrariness of choosing two reference vibration frequencies in constructing RD, all the combinations of the first several
vibration frequencies were calculated. Because the material characteristics of the isolation layer and the superstructure are
significantly different and the deformation of the isolation layer is large, we construct nonproportional damping according to
these two kinds of damping and make a comparative analysis. Analyzing experimental data, we can obtain the optimal frequency
combination of RD and nonproportional damping during dynamic analysis of the isolated structure, the priority order of
choosing dampingmodels. For the calculation of RD, the 1st modal frequency of the structure should be included, and the 2nd and
3rd modal frequencies of the nonisolated structure are proposed to calculate the nonproportional damping based on Rayleigh
damping (NP-RD) for the three-story frame structure in this paper. RD and nonproportional damping based on Caughey
damping (NP-CD) are firstly recommended to be used in the calculation of the isolated structure, followed by NP-RD and
then CD.

1. Introduction

From the perspective of energy, the isolation technology can
protect the superstructure by consuming the earthquake
energy and reducing its transmission to upper levels. )e
energy dissipation capacity of a structure is usually recorded
as damping, but it is difficult to obtain the damping accu-
rately because of its complex components [1, 2]. Methods of
damping calculation have been proposed since the 20th
century [3–6], which are related to physical characteristics of
the structure, the equivalent target, and analysis method of
damping [7]. )e viscous damping model, i.e., Rayleigh
damping, is widely used because of its simple form and
convenient mathematical processing [8–11].

Finite element software, such as ABAQUS and ANSYS,
usually use Rayleigh damping to measure the energy con-
sumption of the structure. Rayleigh damping [C] is a linear
combination of the mass matrix [M] and the stiffness matrix
[K] [12]: [C] � a[M] + b[K]. )e mass coefficient a and the

stiffness coefficient b are calculated by two frequencies (ωi

and ωj) and the corresponding damping ratio [13]. )is
method will underestimate the damping between ωi and ωj

and overestimate the damping beyond the range of ωi and ωj

[14–16]. Many methods have been proposed to calculate the
stiffness coefficient and mass coefficient based on the
structural dynamic characteristics and ground motion
characteristics [17–19]. However, Rayleigh damping is still
most widely used because of the inconvenience of other
methods. It is very important to find the laws of choosing ωi

and ωj aright to get more accurate seismic results, as the two
frequencies are still selected artificially according to expe-
rience of calculation [18].

Caughey damping [20] is called extended Rayleigh
damping [21, 22]. It can be used when multiorder fre-
quencies and damping ratios of a structure are known
[23–25]. Research studies mostly focus on the effects of
Rayleigh damping and Caughey damping on the calculation
of high-rise or long-span structures [26–29], but few are

Hindawi
Shock and Vibration
Volume 2021, Article ID 6613952, 17 pages
https://doi.org/10.1155/2021/6613952

mailto:duhongkai@bucea.edu.cn
https://orcid.org/0000-0003-1933-4206
https://orcid.org/0000-0002-8036-8512
https://orcid.org/0000-0002-2872-5877
https://orcid.org/0000-0003-2723-1733
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6613952


about their effects on the dynamic response of isolated
structures [10, 30].

)e restoring force model, which is derived from the
hysteresis curve of component subjected to the reciprocating
load, has a significant influence on the dynamic calculation.
To reduce the influence of the restoring force model, tests
and research studies have been carried out on the me-
chanical characteristics of the isolation bearing used in this
paper [31].

Because of the huge difference of material properties
between the isolation layer and the superstructure, non-
proportional damping was used in both Rayleigh and
Caughey damping [32–34]. In this method, for the two parts
of the system, the dampingmatrix is constructed by Rayleigh
damping or Caughey damping and then assembled into the
damping matrix of the entire structure [35, 36].

Although many scholars have proposed many methods
to accurately construct Rayleigh damping, the basic RD with
two frequencies is most frequently applied to structural
dynamic calculation in engineering applications and re-
search studies. However, few research studies focused on the
frequency selection for RD, which leads to a lack of con-
fidence in the frequency and damping selection during the
dynamic numerical calculation. It is also useful to prove the
accuracies of different damping models.

Based on the isolated structural tests, this paper analyzes
the influence of frequency on damping and the influence of
different damping models on the dynamic response of
isolated structures.

2. Experimental and Calculation Description

2.1. Superstructure. )e prototype of the superstructure is a
three-story steel moment resistant frame in the seismic area of
intensity 8 (according to Chinese code). A middle span was
derived and scaled with the similitude law of 1 : 6, as shown in
Figure 1. )e dimension of the experimental model is
1.3m× 0.95m× 0.6m; No.10 steel channels (with a dimension
of 100mm× 48mm× 5.3mm× 8.5mm, Chinese code) were
utilized as beams; and L50mm× 50mm× 5mm steel angles
were used as columns. )e theoretical value of interstory
stiffness is 4982N/mm. According to the similitude law, the
material density of specimen should be 6 times of the pro-
totype, so complementary artificial masses were placed tomake
up for the insufficient density. )e total weight of the model
with the masses was 5.29 tons, i.e., 1.32 tons for every story.

2.2. Isolation Bearing. Four laminated rubber bearings were
installed in the isolation layer, and the specific dimension
and parameters are shown in Figure 2 and Table 1. )e
maximum deformation is less than 50% shear strain in all the
cases, which represents the isolation bearings were still in the
elasticity stage with the shear stiffness of 165N/mm
according the pressure-shear tests of the isolation bearings.

2.3. Testing. Ground motions with different spectral char-
acteristics were selected from site conditions II and III, as
shown in Table 2. )e time interval was scaled by 1/

�
6

√

according to the similitude law.)e PGAwas scaled to 0.07 g
and 0.20 g for elastic designing (i.e., 0.3 times of Design of
Basis Earthquake (DBE) and DBE in US) according to
Chinese code. A total of 12 shaking table tests were con-
ducted, as shown in Table 3.

2.4. Numerical Model and Calculation Method. A multi-
degree-of-freedom calculation model was established based
on the experimental model in order to verify the effec-
tiveness of the damping model. )e calculation model is a
story shear model with the floor mass of 1.32 tons, the
interstory stiffness of 4982N/mm, and the isolation stiff-
ness of 660N/mm. Four damping coefficient construction
methods, i.e., Rayleigh damping (RD), Caughey damping
(CD), nonproportional damping based on Rayleigh and
Caughey damping, were examined based on the frequen-
cies and damping ratios identified by the experimental
system. )e Wilson-θ method was used for the MDOF
model calculation. )e ground motions used to excite the
model were from the shaking table collected by using an
accelerometer.

2.5. System Identification. System identification tests were
performed to identify the structural and dynamic
properties of the scaled fixed base (nonisolated) and
isolated base building model before and after every main
test. )e system identification tests included white noise
(15 tests) and sine sweep (2 tests, 5x frequency and 6x
frequency). )e frequency of the systems is shown in
Table 4. )e theoretical frequencies and errors of the two
systems are also shown in Table 4, which indicate that
they match well.

Pull-back tests were performed to identify the viscous
damping ratio of the systems [37, 38], which show that the
damping ratio of the isolated structure is 0.0435 and that of
the nonisolated structure is 0.00134. )e damping ratios are
utilized for the other vibration modes of systems in this
research, since it is hard to obtain the exact ratios of them
[23] and the systems (including the isolation layer and the
superstructure) did not yield.

2.6. Error Calculation

2.6.1. Calculation Accuracy. Although the accuracy of dy-
namic response calculation is usually expressed by the error
between calculated and measured peak displacement, ac-
celeration, or velocity in the tests, it is not rigorous to
evaluate numerical simulation only based on peak data, since
dynamic responses of the system are continuous process and
phase is also very important. To obtain an accurate analysis
result, the calculation accuracies are derived by the data near
the peaks. )e amount of data depends on the response of
the systems. As shown in Figure 3, the data in the red box are
used for accuracy analysis, e.g., ±0.001m is the red frame
range because of the large response isolation displacements
of case 211 and ±0.0005m is the range because of the small
response of 212.
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Figure 1: Experimental model: (a) picture and (b) sketch.
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Figure 2: Sketch of isolation bearing.

Table 1: Parameters of isolation bearing.

Height (mm) Diameter of steel layer
(mm)

Diameter of the medium
pore (mm)

)ickness of rubber layer
(mm)

)ickness of steel layer
(mm)

Shear modulus
(G/MPa)

89.4 100 10 1.5×18 1.2×17 0.4
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Table 2: Ground motion.

Name Abbreviation Time Location Duration (s) Amplitude (gal) Direction
Emc-fairview EMC00 1987 Whittier Narrows 28.26 130.4 N-S
Lwd-del amoblvd LWD90 1994 Northridge 35.40 119.1 E-W
Pel_hollywood PEL180 1971 San Fernando 79.48 167.3 N-S
Taft-se TAFTSE 1952 California 54.38 175.9 S-E
Tar_tarzana_90_nor TAR90 1994 Northridge 60.00 174.5 S-E
El Centro ELNS 1940 Imperial Valley 30.00 341.7 N-S

Table 3: Test schedule.

Serial number Name Ground motion PGA (g)
1 207 ELNS 0.07
2 208 EMC00 0.07
3 209 LWD90 0.07
4 210 PEL180 0.07
5 211 TAFTSE 0.07
6 212 TAR90 0.07
7 221 ELNS 0.20
8 222 EMC00 0.20
9 223 LWD90 0.20
10 224 PEL180 0.20
11 225 TAFTSE 0.20
12 226 TAR90 0.20

Table 4: Frequency of the experimental system.

Nonisolated Isolated
Measured (Hz) )eoretical (Hz) Error (%) Measured (Hz) )eoretical (Hz) Error (%)

1 3.91 4.35 11.40 1.74 1.66 −4.79
2 11.69 12.20 4.32 7.05 7.83 11.02
3 18.20 17.63 −3.13 13.74 13.94 1.45
4 / / / 18.93 18.09 −4.47
∗Error � (theoretical−measured)/measured.
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Figure 3: Displacement of the isolation layer (PGA� 0.07 g). Isolation displacement of (a) case 211 and (b) case 212.
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2.6.2. Error Calculating Method. To ensure the accuracy of
the analysis, two methods are used to calculate the errors,
which are represented as E1 and E2.

(1) Based on Euclidean norm,

E1 �
F − F2′

F2
× 100%, (1)

 where F′ is the data of the numerical simulation
time-history curves, F is the data of the measured
time-history curves in the tests, and F2 and F − F2′
are Euclidean norms of F and (F − F′) [27].

(2) Based on the 1-norm,

E2 �
F − F1′

F1
× 100%, (2)

 where F1 and F − F1′ are 1-norms of Fand (F − F′).

2.7.DampingModel. )e damping force of viscous damping
is proportional to the vibration velocity of the particle, as
shown in equation (3). Rayleigh damping and Caughey
damping are the common viscous damping models for the
multi-degree-of-freedom system [27].

Fc  � [C] ×[ _X], (3)

where [Fc] is the viscous damping force, [C] is the damping
matrix, and [ _X] is the relative velocity of the structure.

2.7.1. Rayleigh Damping (RD). )e Rayleigh damping is
equivalently expressed by stiffness matrix and mass matrix,
and the equation is as follows [7]:

[C] � a[M] + b[K], (4)

where [M] is the mass matrix and [K] is the stiffness matrix.
According to the strain gauge data, the superstructure has
not entered plasticity, so the stiffness of the superstructure is
constant. )e mass coefficient a and stiffness coefficient b

can be calculated as follows:

a � 2
ξi/ωi(  − ξj/ωj 

1/ω2
i  − 1/ω2

j 
,

b � 2
ξiωj − ξjωi

ω2
j − ω2

i

,

(5)

where ωi, ωj, ξi, and ξj are the frequencies and corre-
sponding damping ratios of the i and j vibration modes of
the system, respectively. )e damping ratio of other vi-
bration modes can be calculated by the following equation.

ξn �
a

2ωn

+
bωn

2
, (n � 1, 2, . . . , n). (6)

2.7.2. Caughey Damping (CD). Caughey damping can con-
struct a damping matrix with multiple frequencies and cor-
responding damping ratios, and the equation is as follows:

[C] � [M] 
n

i�1
ci [M]

− 1
[K] 

i− 1
, (7)

where i is the number of frequencies and ci is the pro-
portionality coefficient, and the equation is as follows:

c � 2Q
− 1ξ, (8)

where c � (c1, c2 . . . cn)T; ξ � (ξ1, ξ2 . . . ξn)T, in which
ξ1, ξ2 . . . ξn are the damping ratio of each vibration mode;

and Q �

ω−1
1 ω1

1 · · · ω2n−3
1

ω−1
2 ω1

2 · · · ω2n−3
2

⋮ ⋮ · · · ⋮
ω−1

n ω1
n · · · ω2n−3

n

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, in which ω1,ω2 . . .ωn are the

frequency of each vibration mode.

2.7.3. Nonproportional Damping

(1) Nonproportional damping based on Rayleigh
damping (NP-RD):
 Because there is big difference of properties be-
tween the isolation layer and the superstructure, NP-
RD is also used to represent the damping of the
isolated structure [10, 30, 36, 39]. )e equation is as
follows:

CR  �
cb + c1 −c

T

−c Cs 

⎡⎣ ⎤⎦, (9)

 where [Cs] is the damping matrix of the super-
structure and is calculated according to equation (4);
[M] and [K] should be the mass matrix and stiffness
matrix of the superstructure, respectively. )e mass
coefficient a and stiffness coefficient b are calculated
by the frequency and damping ratio of the non-
isolated structure; c1 is the damping of the first story
of the superstructure, and cb is the damping of the
isolation layer and is calculated by

cb � 2mbωbξb, (10)

 where mb is the total mass of the superstructure, ωb

is the fundamental vibration frequency of the iso-
lated structure, and ξb is the damping ratio of the
isolated structure.

(2) Nonproportional damping based on Caughey
damping (NP-CD):
 )e calculation formulas of NP-RD and NP-CD are
identical, as shown in (9), where [Cs] is calculated
according to (7); [M] and [K] are also the mass
matrix and stiffness matrix of the superstructure,
respectively; and the proportional coefficient cn is
calculated by (8).

3. Effect of Frequency

CD and NP-CD are constructed by the damping matrix
(n≥ 2) of multiple order frequencies, whereas RD and
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NP-RD are constructed by the damping matrix of only two of
them. It is meaningful to research which two frequencies are
the most reasonable for the calculation of RD and NP-RD.

3.1. Frequency Selection for Rayleigh Damping (RD)

3.1.1. For PGA� 0.07 g. Only the isolation displacement
responses are analyzed in this section as few deformations
were recorded in the superstructure. )e damping matrixes
are calculated by (4) with the 1st modal damping ratio and
frequencies of 1st and 2nd modal (1&2), 1st and 3rd modal
(1&3), 1st and 4th modal (1&4), 2nd and 3rd modal (2&3),
2nd and 4th modal (2&4), and 3nd and 4th modal (3&4),
respectively. All the damping matrixes are used for dynamic
numerical calculation to simulate the tests subjected to a
PGA of 0.07 g, as shown in Table 5. “Frequency pair” in-
dicates the two frequencies used to construct damping
matrix. E1 and E2 are errors obtained by the above error
calculation methods.

)e errors of test and the calculations with damping
matrix calculated by different frequency pairs are shown in
Figure 4. Comparisons of the calculated and experimental
time-history curves of isolation displacements are shown in
Figure 5. )e figures denote that calculations with the
damping of 1&2, 1&3, and 1&4 modal frequencies are more
consistent with the experimental results. )e damping de-
rived from the highest two frequencies (3&4) results in the
largest calculation error. Although the errors with frequency
pairs 1&2, 1&3, and 1&4 are similar, frequency pair 1&4 led
to the smallest error. So, the first and highest frequencies are
recommended to be selected in the construction of RD.

3.1.2. For PGA� 0.2 g. Calculations were conducted under
PGA� 0.2 g, as shown in Table 6. )e displacements of both
the isolated base and the superstructure are recorded exactly
in the intensity, so the contrast of the displacement of the
superstructure is plotted in this section.

(1) Displacement of the Isolation Layer. )e errors for all the
cases based on different frequency pairs are shown in
Figure 6.

)e figures show that the damping based on the 1&2,
1&3, and 1&4 modal frequencies led to smallest errors. )e
damping based on the modal frequencies of 2&3, 2&4, and
3&4 results in larger calculation errors, and the error base on
3&4 frequencies is the largest. Frequency pair 1&4 can cause
the least error and is preferred for structural calculation.

(2) Displacement of the First Story. )e errors for each case
based on different frequency pairs are shown in Figure 7.
Comparisons of the calculated and experimental curves of
the displacement time histories of the first story are shown in
Figure 8.

As can be seen from figures, the damping based on the
1&2, 1&3, and 1&4 modal frequencies’ constructions can
generate the calculations more consistent with the tests. )e
other frequency pairs cause larger calculation error, and
frequency pair 3&4 led to the largest error.

In conclusion, all the calculation cases with the 1st modal
frequency of the system have relatively small errors, so the
1st modal frequency is firstly recommended to be utilized in
RD. In most cases, the highest modal frequency results in the
least error when it pairs with the 1st modal frequency, which
is also recommended to construct RD.

3.2. Frequency Selection for Nonproportional Rayleigh
Damping (NP-RD)

3.2.1. For PGA� 0.07 g. )ere are only three modal fre-
quencies for the superstructure, i.e., nonisolated system. So,
there are only three frequency pairs that can be matched for
NP-RD. )e test schedule is shown in Table 7.

)e errors of the isolation layer for each case under
different frequency pairs are shown in Figure 9. )e dis-
placement time-history curves of the isolation layer are
shown in Figure 10.

It can be seen from the figures that frequency pair 2&3
led to the smallest calculation errors and the error differ-
ences from the three frequency pairs are less than 4% in all
the cases, which denotes that the frequency selection of
superstructure has little influence on the numerical analysis.

3.2.2. For PGA� 0.2 g. )e calculations, as shown in Table 8,
were performed when system is subjected to PGA� 0.2 g.

(1) Displacement of the Isolation Layer. )e isolation dis-
placement errors for cases with different frequency pairs are
shown in Figure 11. It can be seen from the figures that the
error differences between the frequency pairs are similar to
the differences under PGA� 0.07 g.

(2) Displacement of the First Story. )e first story dis-
placement errors for cases under different frequency pairs
are shown in Figure 12. It can be seen from the figures that
the error difference results are similar to the results on
isolation displacements.

4. Effect of the Damping Model Selection

4.1. Effect on the Displacement of the Isolation Layer. In this
section, the effects of numerical calculations using damping
models of RD, NP-RD, CD, and NP-CD on the displace-
ments of the isolation layer are analyzed. Herein, RD is
calculated using the 1&4 frequencies of the isolated struc-
ture, and NP-RD is calculated using the 2&3 frequencies of
the nonisolated structure according to the conclusion of
Section 3. CD is calculated using the 1–4 frequencies of
isolated structure, and NP-CD is calculated using the 1–3
frequencies of the nonisolated system.

4.1.1. For PGA� 0.07 g. )e test schedule is shown in Ta-
ble 9, and the errors of isolation displacements for all cases
calculated using different damping models are shown in
Figure 13. From the figures, it can be seen that RD using the
1&4 frequencies of the isolated structure results in the
smallest calculation errors and NP-CD using the 1–3
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frequencies of the nonisolated structure contributes to the
second smallest calculation errors, which are close to the
effects of RD. CD using the 1–4 frequencies of the isolated
structure has the largest calculation errors.

4.1.2. For PGA� 0.2 g. )e test schedule is shown in Table 10,
and the isolation displacement errors for all cases calculated
using different dampingmodels are shown in Figure 14. From
the figures, it can be seen that except for a slight difference in
the error E1 of case 225, the conclusion obtained from the
other data is as same as the conclusion of PGA� 0.07 g, i.e.,
the calculation error of RD using the 1&4 frequencies of the
isolated structure andNP-CD using the 1–3 frequencies of the
nonisolated structure led to the least errors.

4.2. Effect on the Displacement of the First Story.
According to the conclusions of Section 3, all frequency pairs
including the 1st modal frequency generate desirable results
on calculation errors. )erefore, frequency pairs 1&2, 1&3,
and 1&4 are all utilized to construct RD in this section. )e
test schedule is shown in Table 11.

)e errors of the first story displacement between the
tests and calculations under different damping models are
shown in Figure 15. Figures 16 and 17 show the comparison
of the displacement time histories of the first story under
cases 221 and 225 (cases with the maximum structural re-
sponses). In the figures, the damping models are RD with
1&4 frequencies of the isolated structure, RD with 1&2
frequencies of the isolated structure, and NP-CD with 1–3
frequencies of the nonisolated structure. From the figures, it

Table 5: Calculation schedule of PGA� 0.07 g.

Experimental case Ground motion Frequency pair Error
207 ELNS

1&2; 1&3; 1&4; 2&3; 2&4; 3&4. E1, E2
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211 TAFTSE
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Figure 4: Calculation error of isolation displacement by using RD (PGA� 0.07 g): (a) case 207, (b) case 208, (c) case 209, (d) case 210,
(e) case 211, and (f) case 212.
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can be seen that RD and NP-CD cause relatively small
calculation errors and the errors under the two damping
models are similar. CD using the 1–4 frequencies of the
isolated structure generates the largest calculation error.

5. Discussion

For the frequency selection in RD and NP-RD, the isolation
frequency is the most influential in all the frequencies for the
numerical calculation of isolated structures. )e first modal
frequency is the representation of isolation layer frequency
in the isolated system. When the first modal frequency is
used in the calculation of RD, the dynamic analysis has the

least error, meanwhile the other frequencies has less effect in
the calculation errors. )e isolation frequency is tested and
used in NP-RD separately, which causes the frequency se-
lection from the superstructure to be insignificant.

For damping model selection, the error analysis based on
RD, CD, NP-RD, and NP-CD indicates that the calculation
accuracy of RD and NP-CD is similar but significantly better
than the other two damping models. According to the
comparison of the displacement data of the isolation layer
and the first story, the order of the calculation accuracies of
the damping model is RD or NP-CD>NP-RD>CD.

Although only PGA of 0.07 g and 0.20 g are used in
tests and calculations, the conclusions can be used for the
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Figure 5: Comparison of calculated and experimental displacement curves of the isolation layer with RD based on frequency pairs (case
207): (a) 1&2, (b) 1&3, (c) 1&4, (d) 2&3, (e) 2&4, and (f) 3&4.

Table 6: Calculation schedule of PGA� 0.2 g.

Experimental case Ground motion Frequency pair Error
221 ELNS

1&2; 1&3; 1&4; 2&3; 2&4; 3&4. E1, E2

222 EMC00
223 LWD90
224 PEL180
225 TAFTSE
226 TAR90
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Figure 6: Calculation error of isolation displacement by using RD (PGA� 0.2 g): (a) case 221, (b) case 222, (c) case 223, (d) case 224, (e) case
225, and (f) case 226.
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Figure 7: Continued.

Shock and Vibration 9



PGA range from 0.07 g to 0.20 g, since the results are
similar in the two PGAs and isolation system and su-
perstructure are elastic. However, applicability of the

conclusion for PGA > 0.20 g is still inconclusive because
the damping changes dramatically as the structure enters
plasticity.
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Figure 8: : Comparisons of calculated and experimental displacement curves of the first story with RD based on frequency pairs (case 221):
(a) 1&2, (b) 1&3, (c) 1&4, (d) 2&3, (e) 2&4, and (f) 3&4.
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Figure 7: Calculation errors of the first story displacement by using RD (PGA� 0.2 g): (a) case 221, (b) case 222, (c) case 223, (d) case 224,
(e) case 225, and (f) case 226.

10 Shock and Vibration



0

5

10

15

20

25

30

E1
 (%

)

1&31&2 2&3
Frequency combination

case 207
case 208 case 210

case 209 case 211
case 212

(a)

0

5

10

15

20

25

30

E2
 (%

)

1&31&2 2&3
Frequency combination

case 207
case 208 case 210

case 209 case 211
case 212

(b)

Figure 9: Calculation error of isolation layer displacement by using NP-RD (PGA� 0.07 g): (a) E1 and (b) E2.

Table 7: Calculation schedule with PGA� 0.07 g.

Experimental case Ground motion Frequency pair Error
207 ELNS

1&2; 1&3; 2&3 E1, E2

208 EMC00
209 LWD90
210 PEL180
211 TAFTSE
212 TAR90

×10-3

-4
-3
-2
-1
0
1
2
3
4

D
isp

la
ce

m
en

t (
m

)

10 15 20 25 305
Time (s)

Experimental
Calculated (2&3)

(a)

×10-3

-2

-1

0

1

2

D
isp

la
ce

m
en

t (
m

)

5 10 15 20 250
Time (s)

Experimental
Calculated (2&3)

(b)

×10-3

-4
-3
-2
-1
0
1
2
3
4

D
isp

la
ce

m
en

t (
m

)

5 10 15 20 250
Time (s)

Experimental
Calculated (2&3)

(c)

Figure 10: Continued.
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Table 8: Calculation schedule with PGA� 0.2 g.

Experimental case Ground motion Frequency pair Error
221 ELNS

1&2; 1&3; 2&3. E1, E2

222 EMC00
223 LWD90
224 PEL180
225 TAFTSE
226 TAR90
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Figure 10: Comparisons of calculated and experimental displacement curves of the isolation layer by using NP-RD (frequency pair 2&3):
(a) case 207, (b) case 208, (c) case 209, (d) case 210, (e) case 211, and (f) case 212.
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Figure 11: Calculation errors of isolation layer displacement by using NP-RD (PGA� 0.2 g): (a) E1 and (b) E2.
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Figure 12: Calculation errors of the first story displacement by using NP-RD (PGA� 0.2 g): (a) E1 and (b) E2.

Table 9: Calculation schedule with PGA� 0.07 g.

Damping model Frequency Experimental case Error
RD 1&4 frequencies of the isolated system

Case 207–212 E1, E2NP-RD 2&3 frequencies of the nonisolated system
CD 1–4 frequencies of the isolated system
NP-CD 1–3 frequencies of the nonisolated system
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Figure 13: Continued.
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Figure 13: Calculation errors of isolation displacement by using different dampingmodels (PGA� 0.07 g): (a) case 207, (b) case 208, (c) case
209, (d) case 210, (e) case 211, and (f) case 212.

Table 10: Calculation schedule with PGA� 0.2 g.

Damping model Frequency Experimental case Error
RD 1&4 frequencies of the isolated system

Case 221–226 E1, E2NP-RD 2&3 frequencies of the nonisolated system
CD 1–4 frequencies of the isolated system
NP-CD 1–3 frequencies of the nonisolated system
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Figure 14: Calculation errors of isolation displacement by using different damping models (PGA� 0.2 g): (a) case 221, (b) case 222, (c) case
223, (d) case 224, (e) case 225, and (f) case 226.
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Table 11: Calculation schedule with PGA� 0.2 g.

Damping model Frequency Experimental case Error
RD 1&2, 1&3, and 1&4 frequencies of the isolated system

Case 221–226 E1, E2NP-RD 2&3 frequencies of the nonisolated system
CD 1–4 frequencies of the isolated system
NP-CD 1–3 frequencies of the nonisolated system
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Figure 15: Calculation errors of the first story displacement by using different damping models (PGA� 0.2 g): (a) case 221, (b) case 222,
(c) case 223, (d) case 224, (e) case 225, and (f) case 226.
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Figure 16: Displacement time histories of the first story by using different damping models (case 221): (a) RD with 1&2 frequencies of the
isolated structure, (b) RD with 1&4 frequencies of the isolated structure, and (c) NP-CD with 1–3 frequencies of the nonisolated structure.
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6. Conclusions

Frequency selection is researched on Rayleigh damping
(RD) and nonproportional damping based on Rayleigh
damping (NP-RD) in the dynamic calculation of the isolated
structures. Serviceability of four damping models including
RD, NP-RD, CD, and NP-CD is also studied by comparison
of the calculations and tests. )e conclusions are as follows:

(1) For the use of RD, the 1st and highest modal fre-
quencies of the system are recommended in the
dynamic calculation when the isolated structure is
subjected to PGA≤ 0.2 g

(2) For the use of NP-RD, the frequency selection of the
superstructure does not matter, since the frequency
of the isolation layer must be selected

(3) RD and NP-CD are firstly recommended to be used
in the calculation of the isolated structure, followed
by NP-RD and then CD
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