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Water tank is one important component of passive containment cooling system (PCS) of nuclear island building. The sloshing
frequency of water is much less than structure frequency and large-amplitude sloshing occurs easily when subjected to seismic
loadings.Therefore, the sloshing dynamics and fluid-structure interaction (FSI) effect of water tank should be considered when the
dynamic response of nuclear island building is analyzed. A 1/16 scaled model was designed and the shaking table test was done, in
which the hydrodynamic pressure time histories and attenuation data of wave height were recorded.Then the sloshing frequencies
and 1st sloshing damping ratio were recognized. Moreover, modal analysis and time history analysis of numerical model were
done by ADINA software. By comparing the sloshing frequencies and hydrodynamic pressures, it is proved that the test method
is reasonable and the formulation of potential-based fluid elements (PBFE) can be used to simulate FSI effect of nuclear island
building.

1. Introduction

Passive containment cooling system (PCS) is the significant
characteristic of the third-generation nuclear power plants
[1], which is different from the traditional nuclear power
plants. It is known that the sloshing frequency of water
is far less than structure frequency, so the long period
components of seismic loadings could not be ignored in
the analysis of water tank. Moreover, the influence of water
tank on floor response spectra under seismic loadings should
be considered emphatically. The dynamic characteristics of
water tank should be studied to analyze the seismic response
of nuclear island building accurately.

FSI effect is the key problem for dynamic analysis of water
tank of nuclear island building. Related to the type of external
loads, shape of container, and depth of liquid, the motion of
free fluid surface may be simple planar, nonplanar, breaking,
and so on [2–4]. Focused on the nonlinear sloshing in a
rectangular tank, Faltinsen et al. [5, 6] studied the horizontal,

vertical, and pitching motion. Moreover, the stable and
unstable frequency domains of the planar resonant standing
waves, the swirling waves, and the square-like resonant
standing waves were researched. In the research on FSI effect
of nuclear power plants, Lo Frano and Forasassi [7–9] did
some research on liquid metal nuclear reactor considering
the FSI effect subjected to seismic loads. Zhao et al. [10]
used the Arbitrary Lagrange Eulerian (ALE) algorithm to
simulate the seismic response of AP1000 shield building and
studied the influence of water tank.The research showed that
water tank could reduce the dynamic response of structure.
Xu et al. [11] used the smoothed particle hydrodynamics
(SPH) and finite element method (FEM) coupling method
to simulate the FSI. The research showed that the water
tank could decrease the natural frequency and response of
the shield building. Lu et al. [12] built a scaled elevated
tank to investigate the seismic response of shield building
under transient loadings. Moreover, numerical models were
established and the numerical results of acceleration and
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Figure 1: PCS of nuclear island building [20].

displacement were in good agreement with the experiment.
Liu et al. [13] did the shaking table test of a scaled elevated
tank of passive containment cooling system water storage
tank (PCCWST). An equivalent mechanical model was used
to predict the seismic forces of the PCCWST subjected to
horizontal ground excitation and the numerical results had
a good agreement with the experiment.

In the research on dynamic characteristics of water tank,
the main test method is using laser displacement sensor
to measure the sloshing displacement of water; then the
sloshing frequency could be calculated [14]. Aimed at slosh-
ing damping ratio, the analytical solution or approximate
solution was derived only for containers with regular shape.
The dynamic experiment was the commonly used method to
obtain sloshing damping ratio, but the experimental results
lacked repeatability because of the nonlinear characteristic.

Sloshing frequency and damping ratio are the key param-
eters of dynamic characteristic of the water tank. Moreover,
they are also the key parameters to simplify the sloshing
analysis based on Housner model. Related scholars have
done some research on the sloshing frequency [15–17] and
specifications [18, 19] and also give the simplified calculation
formulas on regular cylindrical tanks. But, for irregular
annular cylindrical water tank, related specifications do not
give detailed introduction. Aimed at sloshing damping ratio,
suggested values have been given for regular containers, but,
for irregular containers, the research and verification are

deficient. As shown in Figure 1, PCS water tank is one kind of
irregular annular cylindrical water tank and the suggestion of
relevant parameter may not be available in this case.

This study focuses on the interaction effects between the
tank and water for the water tank of nuclear island building.
As for the interaction effects between the water tank and
nuclear island building, it will be studied separately. In this
study, a 1/16 scaled model was made for shaking table test.
Pore water pressure sensors (PWPS) were arranged along
the different height of tank walls and the cameras were
arranged on the top of the tank, and the hydrodynamic
pressure time-histories and attenuation data of wave height
were collected. The sloshing frequencies and 1st sloshing
damping ratio can be obtained based on the test data. By
comparing the experimental and numerical analysis results,
the reasonableness of experimental method and the accuracy
of numerical method are verified.

2. Shaking Table Test

2.1. Introduction of Model. Similarity relation of the experi-
mental model was shown in Table 1. In this test, geometry
L, elastic modulus 𝐸, and density 𝜌 were chosen as the basic
similar constants. According to the size of shaking table, the
materials of model, the fluid characteristic, and the feasibility
of test, the similarity rules 𝑆𝑙, 𝑆𝐸, and 𝑆𝜌 were equal to 1/16,
1/3, and 1. Then other similarity rules could be calculated.
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Table 1: Similarity relation of the experimental model.

Physical quantity Similarity rule Similarity parameter
Geometry 𝐿 𝑆𝑙 1/16
Elastic modulus of concrete 𝐸𝐶 𝑆𝐸 1/3
Density of concrete 𝜌𝐶 𝑆𝜌𝑐 1
Bulk modulus of liquid 𝐺𝐿 𝑆𝐺 1
Density of liquid 𝜌𝐿 𝑆𝜌𝑙 1
Time of input motion 𝑡 𝑆𝑡 0.108
Amplitude of input motion 𝑎 𝑆𝑎 5.333
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Figure 2: Introduction of model (unit : mm). (a) Experimental model. (b) The profile and geometry sizes.

To satisfy the rigid assumption of water tank, the tank walls
and bottom were made using microconcrete and the steel
bars were replaced by galvanized iron wires. To test the wave
height, the roof of water tank was replaced by toughened
glass and connected to the water tank with fixed parts. The
experimental model and the geometry sizes are shown in
Figure 2.

To study the sloshing characteristic of liquid, the existing
test instruments are often laser displacement sensor or laser
vibration measuring instrument. Common laser displace-
ment sensor might not satisfy the testing precision, but the
high precision instruments or collection systems are very
expensive. According to the theory of laser measurement,
colored substance dissolved by organic solvent is used to

increase laser reflection. However, organic solvent like lac-
quer thinner is easily volatile and may bring some risks.
Moreover, this method could not catch the splash liquid
during the test [12] and the organic solvent may change the
sloshing characteristic of liquid itself. Therefore, to recognize
the sloshing frequencies, PWPS shown in Figure 3 was used
to measure the hydrodynamic pressure in this paper.

To record the hydrodynamic pressure data, sixteen PWPS
were divided into two groups and they were arranged along
the height of tank walls in 𝑥 cross section and 𝑦 cross section
separately. To record the attenuation data of wave height,
rulers were arranged at the tank walls in 𝑥 cross section and𝑦 cross section. In addition, cameras were arranged on the
top of toughened glass. The PWPS can be placed in water
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Table 2: Material parameters of experimental model.

Material parameters Microconcrete Toughened glass Galvanized iron wires Water
Density (kg/m3) 2350 2560 7800 1000
Young’s modulus (Pa) 1.05 × 1010 7.20 × 1010 2.06 × 1011 —
Bulk modulus (Pa) — — — 2.30 × 109

Poisson’s ratio 0.17 0.20 0.30 —

Figure 3: Pore water pressure sensors (PWPS).

to record water pressures, the measurement ranges of PWPS
are 30 kPa or 50 kPa, the strain output of full range is about
500 × 10−6, and the precision of sensors is 0.3% F⋅S. The
arrangements of PWPS and cameras are shown in Figure 4.
The material parameters of experimental model are listed in
Table 2.

2.2. Experiment Process. According to the geometrical scale
of 1/16, the height of free water surface is 550mm. To rec-
ognize the sloshing frequencies, single-direction sine waves
were used. The normalized sine wave is shown in Figure 5(a)
and the peak ground acceleration is 0.05 g and 0.10 g. To verify
the reasonableness of numerical results, the three-direction
acceleration time histories were used as inputs. Considering
the space limit, one set of inputs is shown in this paper.
The time history curves are shown in Figure 5(b) and the
peak ground acceleration of three-direction time histories is
1.20 g, 0.80 g, and 0.60 g separately. Hydrodynamic pressure
and attenuation data of wave height were recorded. Then
the sloshing frequencies and 1st sloshing damping ratio were
obtained.

2.3. Data Analysis

2.3.1. Recognition of Sloshing Frequency. FFT is widely used
in the field of physics, acoustic, optics, structure dynamics,
and signal processing. Based on FFT of data-signal, the
sloshing frequency of liquid can be recognized through
hydrodynamic pressure. The typical application of FFT is
changing time histories into amplitude-frequency curves and
the basic equation is shown as follows:

𝐹 (𝜔) = ∫+∞
−∞

𝑓 (𝑡) 𝑒−𝑖𝜔𝑡𝑑𝑡, (1)

where 𝑓(𝑡) is the time history of data-signal, 𝐹(𝜔) is the
spectrum function of 𝑓(𝑡), and 𝜔 is the frequency.

In the experiment, the liquid would keep sloshing and
the wave height would gradually decay after the external
excitation is ended. At that time, the hydrodynamic pressure
and wave height only reflect the dynamic characteristic of
liquid in the tank without external excitation. As shown in
Figure 6, hydrodynamic pressure in the free sloshing range
was got and the pressure time curves could be changed into
amplitude-frequency curves by FFT. From Figure 6(c), the
sloshing frequencies can be recognized.

Low sloshing frequencies play a control action in the
dynamic analysis of liquid and seismic design of containers,
especially the 1st sloshing frequency. So the first few sloshing
frequencies are needed to be recognized.The statistical results
of first four sloshing frequencies recognized by hydrody-
namic pressure data are listed in Table 3. Moreover, forty
samples are chosen and the errors between average value and
test value are shown in Figure 7.

As shown in Table 3, the coefficients of variation are
all less than 5%. In Figure 7, the maximum errors of first
four sloshing frequencies are 3.56%, 5.96%, 5.68%, and 2.91%
separately. It proves that the test values have little discreteness
and the results are acceptable.

2.3.2. Recognition of 1st Sloshing Damping Ratio. As one
important dynamic parameter, sloshing damping is mainly
from the friction between liquid and container. The value is
related to four factors: viscous damping of inner wall, viscous
dissipation of free fluid surface, viscous dissipation of liquid
inside, and capillary of liquid inside. The sloshing damping
ratio is often obtained through experiment because of the
complexity of parameters. In this study, the 1st natural fre-
quency of water tank is more than 50Hz and themodel could
be regarded as rigid tank. The specifications propose that
the basic sloshing damping ratio is 0.5% for normal tanks.
However, it should be noted that, for higher viscosity fluids
and tanks with internal baffles, the damping ratio is higher.
For the impulsive components, the basic damping ratio is
generally assumed to be approximately 2%. For irregular
containers, the specification does not give the suggestion.

Logarithmic decrement method is often used to calculate
the damping ratio of structure and the equation is shown:

𝛿 = ln
𝜇𝑖𝜇𝑖+1 =

2𝜋𝜉√1 − 𝜉2 , (2)

where 𝛿 is the logarithmic decrement, 𝜇𝑖 and 𝜇𝑖+1 are the
amplitudes of two adjacent periods, and 𝜉 is the damping
ratio.
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Figure 4: Layout of instruments. (a) Top view of model. (b) Layout of PWPS.
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Figure 5: Input time history curves for shaking table test. (a) Normalized sine wave. (b) Normalized seismic inputs in three directions.

On account of the small sloshing damping, the free
vibration of liquid decays slowly. To satisfy the accuracy
requirement, the amplitudes of 𝑗 adjacent periods are used
to calculate the damping ratio. The damping ratio of small
damping system can be calculated using the following equa-
tion:

𝜉 ≈ 12𝜋𝑗 ln 𝜇𝑖𝜇𝑖+𝑗 . (3)

Logarithmic decrement method is one of the main meth-
ods to calculate the damping ratio. Although (2) and (3) are
derived by SDOF system, they are also applicable for MDOF
[21]. The basic modal damping ratio (1st damping ratio) can
be obtained easily by free vibration test. The key to measure

higher modal damping ratio is to motivate free vibration of
the corresponding mode. To FSI system, it is reasonable to
consider the structure and the fluid, respectively [21]. The
attenuation data of wave height are the parameters of sloshing
water and logarithmic decrement method can be used in this
paper.

As shown in Table 3, the 1st sloshing frequency is about
0.5Hz. The period of sine wave input shown in Figure 5(a)
is 2.0 s, so the 1st vibration mode can be motivated and the
1st sloshing damping ratio can be calculated. Based on (3),
The records from cameras are chosen to calculate 1st sloshing
damping ratio of water. The results are shown in Table 4 and
Figure 8.
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Figure 6: Data processing of hydrodynamic pressure records at No. 8 PWPS. (a) Time history curve. (b) Free sloshing range. (c) Amplitude-
frequency curve.

Table 3: First four sloshing frequencies.

Modes Average value (AVG) (Hz) Standard deviation (SD) (Hz) Coefficient of variation (%)
1 0.4938 0.0090 1.82
2 0.8404 0.0270 3.21
3 1.0015 0.0267 2.67
4 1.2188 0.0194 1.59

As shown in Table 4, The coefficient of variation is less
than 5% and the discreteness is small. In Figure 8, the test
values are almost betweenAVG− SD andAVG+SD. It proves
that the experimental results are reasonable and reliable. The
average value of 1st sloshing damping ratio is 0.5138% and it
does not have much difference with the suggestion for the
regular water tank in the specifications. Although the bottom
of PCS water tank is inclined and the shape is irregular, 1st
sloshing damping ratio changes little. The reasons may be
that the water tank is not irregular especially and the sloshing
damping ratio is too small. As a supplement, this conclusion
may not be available for other irregular water tanks.

3. Numerical Analysis and Discussion

3.1. Description of Numerical Model. In the field of FSI,
ADINA software has strong solving capability. The equations
of the 𝜙 − 𝑢 formulation in this study are briefly introduced
in this part.

As the special fluid element in ADINA [22], the potential-
based fluid elements (PBFE) can be used for frequency
and time history analyses of structure [23, 24]. The basic
assumptions are that the fluid is inviscid, compressible, or
incompressible, with irrotational motion and small ampli-
tude. There are two basic parameters in the formulation:
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Figure 7: Statistics of errors between average value and test value. (a) 1st sloshing frequency. (b) 2nd sloshing frequency. (c) 3rd sloshing
frequency. (d) 4th sloshing frequency.

Table 4: Statistics of 1st sloshing damping ratio.

Average value (AVG) (%) Standard deviation (SD) (%) Coefficient of variation (%)
0.5138 0.0212 4.13

velocity potential in fluid domain 𝜙 and displacement in solid
domain 𝑢.The velocity potential𝜙 satisfies thewave equation:

∇2𝜙 = 1𝐶2𝑤
𝜕2𝜙𝜕2𝑡 , (4)

where ∇2 is the Laplace differential operator, 𝑡 is the time
variable, and 𝐶𝑤 is the wave velocity in fluid which is given
by

𝐶𝑤 = √𝜅𝑤𝜌𝑤 , (5)

where 𝜌𝑤 is water density and 𝜅𝑤 is the bulk modulus. Based
on the standard theories, the variational form of (4) can be
got as

𝜌𝑤𝐶2𝑤 ∫𝑉𝑤
𝜕2𝜙𝜕𝑡2 𝛿𝜙 𝑑𝑉 + 𝜌𝑤 ∫𝑆𝑤

∙u ⋅n𝛿𝜙 𝑑𝑆 + 𝜌𝑤 ∫
𝑉𝑤

∇𝜙
⋅ 𝛿∇𝜙𝑑𝑉 = 0,

(6)

where 𝑉𝑤 is the volume of water and 𝑆𝑤 is water boundary
where normal velocity is prescribed. Under earthquake, the
dynamic response of the water tank is coupled through
compatibility of velocity potential and prescribed normal
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Figure 8: Statistics of 1st sloshing damping ratio.

velocity at the fluid-structure interface. The system dynamic
equations of the tank filled with water can be obtained [25]:

[M𝑠𝑠 0
0 −M𝑤𝑤

][Ü
Φ̈

] + [C𝑠𝑠 C𝑠𝑤
C𝑤𝑠 0 ][

U̇
Φ̇

]

+ [K𝑠𝑠 0
0 −K𝑤𝑤

][U
Φ
] = [−M𝑠𝑠1�̈�𝑔 (𝑡)−C𝑤𝑠1�̇�𝑔 (𝑡)] .

(7)

In addition

M𝑠𝑠 = 𝜌𝑠 ∫
𝑉𝑠

N𝑇𝑠 N𝑠𝑑𝑉,
M𝑤𝑤 = 𝜌𝑤𝐶2𝑤 ∫𝑉𝑤 N𝑇𝑤N𝑤𝑑𝑉,

K𝑠𝑠 = 𝜌𝑠 ∫
𝑉𝑠

N𝑇𝑠 D
𝑇
𝑠 N𝑠𝑑𝑉,

K𝑤𝑤 = 𝜌𝑤 ∫
𝑉𝑤

B𝑇𝑤B𝑤𝑑𝑉,
C𝑠𝑤 = C𝑇𝑤𝑠 = −𝜌𝑤 ∫

𝑉𝑤

N𝑇𝑠 nN𝑤𝑑𝑆,
C𝑠𝑠 = 𝛼M𝑠𝑠 + 𝛽K𝑠𝑠,

(8)

where N𝑠 and N𝑤 are standard isoparametric shape function
matrices for shell and fluid elements, respectively. 𝜌𝑠 and 𝑉𝑠
are the density and volume of the tank, D𝑠 is the elastic
matrix of shell elements, M𝑠𝑠 and K𝑠𝑠 are the mass and
stiffness matrices for the tank, and M𝑤𝑤 and K𝑤𝑤 are the
mass and stiffness matrices for water. 1 is the column vector
which has the same dimension of nodal relative displacement
U, C𝑤𝑠 and C𝑠𝑤 account for FSI between water and tank,
and C𝑠𝑠 is the Rayleigh damping matrix for structure, in
which 𝛼 and 𝛽 are the Rayleigh damping coefficients. As one
classical damping matrix, Rayleigh damping matrix can be

used for common structures whose components have similar
damping mechanism. The damping coefficients 𝛼, 𝛽 and the
matrix B𝑤 in (5) are given by

𝛼 = 2𝜁𝜔𝑖𝜔𝑗𝜔𝑖 + 𝜔𝑗 ,
𝛽 = 2𝜁𝜔𝑖 + 𝜔𝑗

B𝑤 = [[[[
[

𝜕𝑁(1)𝑤𝜕𝑥 𝜕𝑁(2)𝑤𝜕𝑥 ⋅ ⋅ ⋅ 𝜕𝑁(𝑛)𝑤𝜕𝑥𝜕𝑁(1)𝑤𝜕𝑦 𝜕𝑁(2)𝑤𝜕𝑦 ⋅ ⋅ ⋅ 𝜕𝑁(𝑛)𝑤𝜕𝑦
]]]]
]
,

(9)

where 𝜁 is the damping ratio of structure, 𝜔𝑖 and 𝜔𝑗 are
the frequencies of structure, and 𝑛 is the number of nodes
per fluid element. The chosen frequencies 𝜔𝑖 and 𝜔𝑗 should
cover the frequency bands which are concerned in the
structural analysis. Moreover, the frequency bands should be
considered by the dynamic characteristics of structure and
the external loads.

The experimental model is established and analyzed by
ADINA software. Solid finite elements are used to simulate
the model base and the water tank, and shell finite elements
are used to simulate the toughened glass.The software imple-
ments the 𝜙 − 𝑢 described previously and the hydrodynamic
pressures can be coupled to the vibration of solid elements by
using PBFE. So PBFE are used to simulate water in the tank.
Thematerial parameters are the samewith experiment shown
in Table 1. The numerical model is shown in Figure 9 and the
size of mesh is about 20–30mm.

3.2. Modal Analysis and Comparison. Considering the sym-
metry of structure, the repeated modes are ignored. The
first four sloshing frequencies and the sloshing modes are
shown in Figure 10. The frequencies are compared with the
experimental results and the errors are listed in Table 5. The
errors of 1st, 2nd, and 4th sloshing frequencies are all less
than 1%. Although the error of 3rd sloshing frequency is
larger than other three, 6.15% error is acceptable.Through the
comparison, the reasonableness of numerical analysis and the
accuracy of experimental results are verified.

3.3. Time History Analysis and Comparison. In this part, the
reasonableness of numerical analysis is verified in time his-
tory analysis. The three-direction acceleration time histories
are used as inputs at the foundation of model and the time
history curves are shown in Figure 5(b). The durations of
inputs are 6.142 s and the duration of strong motion is about
3.50 s. Considering the free sloshing of water, the calculation
time is extended to 10 s.

Under the three-direction seismic loadings, the water is
rotating along the walls of tank. The numerical results of
vertical sloshing displacement are shown in Figure 11. It can
be seen that the maximum vertical displacement appears not
only in 𝑥-axis or 𝑦-axis but also in other directions shown
in Figure 11(a). The reason is that the rotating phenomenon
of liquid surface often appears under seismic loadings and
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Figure 9: Numerical model of water tank. (a) 3-D view. (b) Cross section.
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Figure 10: First four sloshing modes. (a) 1st sloshing frequency 0.4926Hz. (b) 2nd sloshing frequency 0.8399Hz. (c) 3rd sloshing frequency
1.0631Hz. (d) 4th sloshing frequency 1.2085Hz.
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Figure 11: Numerical results of vertical sloshing displacement. (a) Vertical sloshing displacement at 6.142 s. (b) Vertical sloshing displacement
at 8.000 s. (c) Vertical sloshing displacement at 9.000 s. (d) Vertical sloshing displacement at 10.000 s.
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Table 5: First four sloshing frequencies.

Sloshing modes Average value (Hz) Numerical analysis (Hz) Errors (%)
1 0.4938 0.4926 −0.24
2 0.8404 0.8399 −0.06
3 1.0015 1.0631 +6.15
4 1.2188 1.2085 −0.85
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Figure 12: The wave height under three-direction seismic loadings. (a) Inner wall-X section. (b) Outer wall-X section.

Free fluid surface

Centroid

233

21
9

21
7

55
0

309

462 80

Figure 13: The location of centroid of fluid (unit: mm).

the rotation direction is random. This is a typical bifurcation
phenomenon of liquid in three-dimensional space and the
occurrence condition is related to external excitation and the
viscosity of liquid [26].

The wave height time histories at the inner wall and the
outer wall in 𝑥 cross section are shown in Figure 12. It can be
seen that the vertical displacement of fluid surface at the inner
wall is larger than that at the outer wall. After the seismic
loadings, the sloshing of water is continuous and attenuated
constantly.

It is known that the sloshing wave height is related to
many factors such as the density of liquid, the depth of liquid,
and the shape of tank.The liquid properties are determined in
this paper, so the depth of liquid and the shape of tank may
influence the wave height. As shown in Figure 13, the cross

section of water tank is irregular. The liquid depth near the
inner wall is about forty percent of the liquid depth near the
outer wall and the centroid of liquid is closer to the outer wall.
So the sloshing near the inner wall is more obvious than outer
wall.

Under seismic loadings, the liquid in the containers will
slosh and impact the walls of tank to affect the structural
response. The hydrodynamic pressure occurs because of the
liquid motion and it may influence the structural intensity
of water tank. The stronger the influence is, the higher the
hydrodynamic pressure is and the larger the variation of
wave elevation is. The structural response of water tank will
directly affect the response of the nuclear island building.
So the hydrodynamic pressure should be considered in the
dynamic analysis of water tank. The hydrodynamic pressure
results of numerical model are compared with those of the
experiment. Four reference points at the outer wall, inner
wall, and bottom are chosen for comparison and the results
are shown in Figure 14. The locations of PWPS are shown in
Figure 4.

Figure 14(a) shows the hydrodynamic pressure time
history of No. 8 PWPS. The shapes of two curves are in
good agreement generally. At the duration of seismic loadings
(0–6.142 s), the curve of simulation has the smaller peaks than
experimental one. In the stage of free sloshing, the peaks of
two curves are close. But the corresponding times of peaks
are not the same and have some deviations.

Figure 14(b) shows the hydrodynamic pressure time
history of No. 9 PWPS. The simulation data agree well with
the experimental results in the shape of curve and the peaks.
However, the experimental results are larger obviously at
certain time points.
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Figure 14: The hydrodynamic pressure under three-direction seismic loadings. (a) No. 8 PWPS. (b) No. 9 PWPS. (c) No. 10 PWPS. (d) No.
12 PWPS.

Figure 14(c) shows the hydrodynamic pressure time
history of No. 10 PWPS. The two curves do not have good
agreement, especially after the strong motion. But the peaks
of two curves are close in the first 3 s.

Figure 14(d) shows the hydrodynamic pressure time
history of No. 12 PWPS. The trends of two curves are similar
to Figure 14(a).The curve of simulation has the smaller peaks
in the duration of strong motion. Moreover, the peaks of two
curves are close after 3.5 s.

The four PWPS are located at outer wall, inner wall,
the bottom, and the junction of wall and bottom separately.
So the comparison results can verify the reasonableness of
numerical analysis. The simulation data in Figures 14(a),
14(b), and 14(d) agree with the experimental results in
general. No. 8 and No. 9 PWPS are close to the free liquid
surface, and No. 12 PWPS is at the middle of inclined bottom.
So the sloshing response of the three reference points is
simple and the curves agree well. But it is also found that the

simulation data of No. 10 PWPS fit poorly with experimental
results.

It is well known that centroid vibration is the main
source of sloshing force and moment. The centroid of liquid
in the tank is shown in Figure 13. It can be seen that the
location of centroid in vertical direction is very close to No.
10 PWPS. The centroid moves near the initial position when
the external excitation is applied, especially in the horizontal
direction. Moreover, No. 10 PWPS is at the junction of wall
and bottom. These factors may make the sloshing response
complicated at No. 10 PWPS. The numerical analysis could
not simulate the complex sloshing well during the whole
process, but the peak and the trough of two curves do not
have too much difference in Figure 14(c).

In general, the accuracy of the formulation of PBFE is
acceptable. It can be used to simulate the seismic response of
nuclear island building considering the FSI effect and study
on the influence of FSI on the seismic response.
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4. Conclusion

A 1/16 scaled model was designed and the shaking table
test was done in this study. PWPS and cameras were used
to record the time histories of hydrodynamic pressure and
the attenuation data of wave height. Based on the test data,
the sloshing frequencies were recognized by FFT of hydro-
dynamic pressure time histories and 1st sloshing damping
ratio was calculated using logarithmic decrement method. A
numerical model of experimental water tank was established
by ADINA software. Then modal analysis and time history
analysis were done and the numerical results were compared
with experimental data. The following conclusions could be
got. They can be used to analyze the FSI of nuclear island
building and simplify the sloshing analysis.(1)The measuring method of the water responses men-
tioned in this paper can be used to recognize sloshing
frequencies. Comparing with the numerical analysis, the
result is acceptable.(2) 1st sloshing damping ratio of PCS water tank is
0.5138% and the suggestion in the specification can be used
for this irregular annular cylindrical water tank. But more
studies will be done to verify whether this conclusion is
suitable for other shape tanks.(3)The formulation of PBFE is suitable formodal analysis
and time history analysis, and the accuracy of numerical
results is acceptable.

Indeed, this paper focuses on the experimental model of
PCS water tank and the verification of numerical method.
For the real nuclear island building, water tank and FSI effect
may influence the seismic response, floor response spectra,
and the bearing capacity of the structure. Thus more studies
should be done aimed at the seismic response of the whole
nuclear island building.
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