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13 . Wenchuan

14 . Great East Japan

15 . Emilia

16 . Tokachi-Oki

17 . Northridge

18 . Imperial Valley

19 . Kobe

20 . Elastic (diamond shape), buckling
21 . Elastoplastic (elephant’s foot)
22 . Uplift of the anchorage system
23 . Sliding of the base

24 . Lumped mass approach

. Nuclear power plant
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Fig.1. Structure and fluid boundaries in the tank.
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6 . Irrotational

7 . Inviscid

1 . Weight function

9 . Virtual displacement field
10 . Interpolating function

AR

. Stress tensor

. Gradient operator

. Damping factor

. External forces

. Water interaction force on structure
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3 . Rayleigh damping

1 . Nodal values
2 . Virtual pressure field
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Fig.2. Tank’s geometric parameters according to Biswal 2004 [20].
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Geometrical properties Value
Radius of tank (R) 508 mm
Height of tank (Hr) 525 mm

Thickness of wall (t;) I mm

Thickness of baffle (ty) 1 mm
Height of liquid (H) 508 mm
Distance ratio of baffle (h) 50.8 mm

Tab.1. Geometrical properties of Biswal 2004 [20].
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4 . Dynamic implicit
5 . Hilber-Hughes-Taylor

1 . Coupled acoustic - structure
2 . Finite elements
3 . Abaqus
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Fig.3. Wave elevation of the non-baffled tank subjected to harmonic
acceleration)
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Fig.4. Wave elevation of the baffled tank with R;= 0.8R subjected to
harmonic acceleration.
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Structure (aluminum) Liquid (water)

E =103 GPa
v=203
ps = 4500 (kg/m®)

Tab.2. Mechanical properties of Biswal 2004 [20].

py = 1000 (kg/m?)
K = 2250 MPa
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. Present

Type of tanks Biswal 2004 study
Flexible tank without baftle 0.924 Hz 0.926 Hz
Rigid tank with baffle 0.422 Hz 0.417 Hz
Flexible tank with baffle 0.404 Hz 0.403 Hz

Tab.3. Frequency of the first sloshing mode of the baffled and non-
baffled tank with R;=0.2R.
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Geometrical properties Broad Slender
Radius of tank (R) 7.32m 732 m
Height of tank (Hr) 3.66 m 21.96 m

Thickness of wall (t;) 1.46 cm 2.54 cm
Thickness of baffle (t) 1.46 cm 2.54 cm
Height of liquid (H) 347m 213 m

Tab.4. Geometrical properties of the present study.

ol e (SO Slispar O i

Liquid (water)

Structure (steel)

E = 206.7 GPa
v=03
ps = 7840 (kg/m?)

Tab.5. Mechanical properties of the present study.

py = 1000 (kg/m?)
K = 2250 MPa

Sl Gasd s asdllas 550 glad gas 6)|.1§rl$ £ Jdsd

Nk Baffles geometries Abbreviation
tanks
Sl 4 106 S0
h/H =0.1 S-f-1
}—ei{)R3 h/H =05 Sf2
h/H =08 S-£-3
Slender RyJR h/H =0.1 S-f-4
—05 h/H =05 S-£:5
h/H =08 S-£-6
h/H =01 S-£-7
R;i/R — —
=08 h/H =05 S-f-8
h/H =08 S-£-9
Sl 425 0 B-£0
h/H =01 B-f-1
ii{]Rg h/H =05 B-f-2
h/H =08 B-£3
Broad Ry/R h/H =0.1 B-f4
' = -1-.
=05 h/H =0.5 B-f-5
h/H =0.8 B-f-6
h/H =0.1 B-f-7
R;i/R — —
=08 h/H =05 B-f-8
h/H =0.8 B-f29

Tab.6. Present study’s samples naming convention
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Fig.5. The time history of Northridge 1994 earthquake.
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Fig.6. Acceleration response spectrum of Northridge 1994 with a
damping ratio of 5%

3. Eurocode 8

YYY

1 . Impedance boundary condition
2 . American Petroleum Institute
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K" [ avmreviion | Sovestie s
S-f-0 1.572 34.610
S-f-1 1.100 33.937
S-f-2 1.564 34.409
S-f-3 1.572 34.586
S-f-4 1.228 34.608

Slender
S-f-5 1.567 34.671
S-f-6 1.572 34.765
S-f-7 1.497 34,787
S-f-8 1.571 35.094
S-f-9 1.572 35.016
B-f-0 1.318 144.287
B-f-1 0.424 140.247
B-f-2 0.820 147.843
B-f-3 1.356 159.140
B-f-4 0.584 138.557

Broad
B-f-5 1.043 147.058
B-f-6 1.186 158.977
B-f-7 1.133 145.663
B-f-8 1.287 156.816
B-f-9 1.312 161.792

Tab.7. Frequency of the first sloshing and first impulsive modes of the
present study’s samples.
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Fig.7. Effects of different geometries of baffles on the maximum value

of seismic responses in the slender tank.
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Fig.8. Effects of different geometries of baftles on the maximum value
of seismic responses in the board tank.
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. . Base Base Hydr(fdyn
Kind of Sloshing amic
tanks Abb (cm) shear | moment pressure
(MN) | (MN.m) (KPa)
S-f-0 55.68 14316 154.123 35.518
S-f-1 49.54 12.969 145.162 33.459
S-f-2 45.04 13.577 146.575 33.437
S-f-3 46.78 14.062 151.549 34.730
S-f-4 35.24 14.392 150.269 34.960
Slender
S-f-5 45.88 14.107 152.598 36.202
S-f-6 47.81 14.460 155.595 35.623
S-f-7 44.68 14.668 152.354 35.595
S-f-8 48.89 14.476 155.469 36.281
S-f-9 49.04 14.553 156.081 35.440
B-f-0 38.31 0.699 3.249 9.504
B-f-1 26.33 1.297 3.784 15.98
B-f-2 28.26 0.728 3.063 12.43
B-f-3 31.43 0.653 2.833 9.76
B-f-4 64.31 1.082 3.652 16.01
Broad
B-f-5 30.15 0.621 3.264 891
B-f-6 31.24 0.640 2.889 8.88
B-f-7 53.55 0.824 3.482 12.50
B-f-8 28.36 0.581 3372 8.98
B-f-9 32.90 0.625 2.965 8.63

Tab.8. The maximum value of seismic response of the present study’s
samples]
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Fig.11. The history of base shear in the baffled slender tank with Ri
= 0.5R subjected to Northridge 1994.
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Fig.12. The history of base shear in the baffled broad tank with R;

=0.3R subjected to Northridge 1994.
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Fig.10. The history of sloshing in the baffled broad tank with R;=0.3R
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Fig.14. The history of base shear in the baffled and non-baffled slender
(S=1.5) and broad (S=1.0) subjected to Northridge 1994.
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Fig.15. The history of base shear in the baffled broad tank with Ri

=0.3R subjected to Northridge 1994.
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. Base shear
Tank Type Sloshing (cm) (MN)
Broad Non-baffled 45.29 3.039
§=1.0 Baffled 61.24 4.149
Slender Non-baffled 52.4 7.267
§=1.5 Baffled 437 8302

Tab.9. Maximum seismic responses of tanks.
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Fig.13. The history of sloshing in the baffled and non-baffled slender
(S=1.5) and broad (S=1.0) subjected to Northridge 1994.
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Abstract

By studying the literature on liquid tanks and their seismic behavior, it has been observed that sloshing waves
in tanks have caused damage to the wall and upper parts of liquid tanks. Therefore, researchers have provided
passive systems to mitigate the seismic responses of liquid tanks; one of these passive controlling systems is
annular baffles. In the present study, seismic responses of slender and broad fixed-base tanks with baffles with
different geometries have been examined, considering the deformation of shell and baffles, in the time and
frequency domains. The coupled acoustic structure based on fluid pressure and structure displacement has
been used in the present study, which is at the interaction surface, fluid pressure and the normal acceleration
of the structure interacted with each other and the liquid in the tank is assumed to be compressible, inviscid
and irrotational. The present study deals with the linear finite element modeling of liquid-filled steel storage
tanks subjected to seismic loadings The interaction effects of fluid and structure are modeled using a finite
elements surface-based coupled acoustic-structural interaction in the ABAQUS software to calculate the
results. The convergence and validation studies of the proposed FE model are conducted by comparing the
results reported in the literature in frequency and time domains. Results indicate that in the frequency domain,
the geometry (R;/R = 0.5,h/H = 0.1) of baffles that has the most radial coverage and the least distances
ratio from the liquid surface in the study in slender and broad tanks has the most decreasing effect on the
frequency of the first convective mode of the tank, equal to 43% and 68%, respectively. Therefore, top-
mounted baffles with considerable radial coverage, have more effect on reducing the frequency of the first
convective mode of the tank. Also, baffles have more minus effect on the frequency of the first impulsive
mode, than on the first convective mode. Due to the limitations of the present study, analyses in the time
domain revealed that top-mounted baffles with medium and less radial coverage in broad tanks caused
increasing sloshing at worst about 68%, and baffles with less effect on first convective modes have better
influences on decreasing sloshing wave amplitudes. Therefore, satisfactory performance of baffled liquid
tanks may not be obtained by only relying on the frequency of the first convective mode of the tanks, due to
unwanted increase of sloshing amplitudes in special cases of liquid tank geometry and baffles. According to
the results, in the board tank, top-mounted baffles amplify the seismic response of the system thus remarkable
attention would be required to be devoted to the use of passive devices in such tanks. Unlike the broad tank,
baffles have sufficient influence on the seismic behavior of the tank. It’s recommended when baffles use as a
passive controlling system in a broad tank, should be considered all of the tank responses like shear,
hydrodynamic, and ... because these types of responses increase significantly if uses top-mounted baffle.
Analysis in time domain indicates the separation between slender and broad tanks to study the baffles'
influence is very important. Overall, this paper recommends using middle-mounted baffles as an efficient
baffle to reduce sloshing in broad tanks.

Keywords: Cylindrical liquid tanks, Annular baffles, Seismic response, Tank wall flexibility.
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