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Abstract; Elevated, rectangular water tanks are an essential component of the water supply network and for emergency
water storage purposes. However, determining the dynamic response from seismic loads will require good estimates of
their natural frequencies to help avoid damage or failure. Several numerical and analytical methodologies depend on
assumptions that may not account for the complexity of fluid —structure interaction regarding rectangular geometries,
indicating a strong need for solid experimental validation. This study pioneers the application of Digital Image Correlation
(DIC) , a non—contact optical technique, to measure the natural frequencies of a small-scale acrylic and Teflon tank,
addressing this gap with a novel experimental approach. The method includes DIC using a high-speed camera, image
analyzed by MATLAB, frequency analysis by Continuous Wavelet Transformation ( CWT ), and Fast Fourier
Transformation (FFT); ANSYS finite element analysis, simplified models based on Eurocode and the Egyptian Code of
Practice (ECP). Study results indicate that DIC is critical for attaining large accuracy, with maximum error differing by
2.92% for impulsive and 4.55% for convective frequencies from ANSYS and provides a better measure of dynamic
response compared to contact—based measurements. Impulsive frequency decreased from 5.8724 Hz to 4.0085 Hz, and
sloshing increased from 1.00 Hz to 1.84 Hz, depending on the changing water cover height from 0 cm to 9.8cm. The
Eurocode and ECP models describe acceptable errors of 7.36% and 9.21%, respectively. DIC showed a better level of
accuracy, making it a useful tool in seismic design. This study improves the safety and reliability of designs for elevated

water tanks in seismic regions with elevated seismic risk.
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0 Introduction

Elevated tanks are critical

infrastructure elements of water supply

rectangular
systems,
industrial processes, and emergency storage solutions,
which are intended to store fluids at elevated levels for
Their
especially their natural frequencies,

necessary  durations. dynamic  response,
is critical to
maintain structural integrity and functional reliability
against environmental hazards such as earthquakes that
can impose severe hydrodynamic loads''’. The correct
prediction of natural frequencies is essential to
anticipate resonance phenomena, reduce the risks of
structural failure, and improve long-term performance.

Natural frequencies of elevated rectangular tanks

have been traditionally calculated using analytical
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along with numerical methods. The early analytical
techniques, as evident from the works of Rayleigh"*
and Timoshenko et al.”’, were based on the
application of approximate modes of vibration that
could not accurately predict the behavior of actual
structures. Modal analysis, though possessing greater
accuracy, is limited by assumptions, constraints, and
difficulties in dealing with complicated geometries'* .
Numerical investigations, as illustrated by Pal and

]

Bhattacharyya'” | have provided techniques like the

Local Symmetric Weak Form (LSWF) for non-linear
which are

sloshing analysis of prismatic tanks,

partially filled. Sahu et al.''' observed that
experimental and analytical methods exhibit little
difference in lower modes, but reveal broad

divergence in higher modes. Ninan et al.'® identified
differences in mode shapes for circular and rectangular
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tanks with the shortening of the vibration period by
al.'”’  depicted that the
affected linearly by soil-

braces. Visuvasam et
fundamental period is
structure interaction with significant variation for soft
soils. Vimal et al.'® investigated base isolation, which
demonstrated its effect on the base shear and moment,
particularly for the higher modes.

Kangda et al."”’ showed that the use of internal
baffles in square tanks reduces sloshing amplitudes, a
critical factor for the design to be stable. Recent

1[10] 11]

studies, as those by Fang et a and Sun et al.

)
have developed further in numerical modeling of fluid-
structure interaction, proving high accuracy at various
water levels and soil conditions, but mostly focused
on cylindrical tanks. Despite these developments, a
serious knowledge gap exists regarding experimental
validation in fluid-structure interaction research with
tall rectangular tanks. The majority of investigations
are either numerical simulations or reduced analytical
models,

which carry assumptions that may not

precisely reflect actual conditions, especially for

rectangular  geometries. Traditional experimental
devices, such as extensometers and strain gauges,
provide localized measurements that can inadvertently
affect the structural response and, hence, are not
appropriate for small, fragile, or complex specimens.
Full-field non-contacting techniques, as the Digital
Image Correlation ( DIC ) method,

limitation by measuring strain over complete surfaces

eliminate this

in a non-contact manner, thus improving spatial data
and enabling more accurate results to be achieved '’

DIC is a possible answer to bridge this gap. As a
method, DIC

deformation, strain, and displacement very precisely

non-contact optical can measure

without influencing the test specimen''>'. Its

application in structural dynamics, as demonstrated by

Montiel et al.'™, Kumar et al.''*

, and Zhang et
al.!”®) | has been discovered to be of great accuracy
al.t"”!
investigated the cracking behavior of Ultra-High
Performance Fiber Reinforced Concrete ( UHPFRC )
their findings was that

could be

investigate axial tensile yield and peak load of R-

in dynamic response capturing. Luo et

using DIC. Among

superposition  techniques applied to
UHPFRC, but may overstate stiffness in the service
limit state. Aryanto et al.'"®’ worked on four concrete
beams subjected to loads and reported that DIC is
better than conventional techniques, such as strain
non-contact

gauges, because of

.2

measurement,

calculation efficiency, and accuracy. Results obtained
from DIC helped to detect early fractures and measure
crack values, with good conformity to the
experimental measurement.

Its application, however, in the determination of
liquid-filled

rectangular tanks remains uncharted. The combination

the natural frequencies of elevated
of DIC with high-speed imaging and sophisticated
signal processing methodologies, like Continuous
Wavelet Transformation ( CWT ) and Fast Fourier
Transformation ( FFT ), offers a breakthrough stage
for linking theoretical predictions with experimental
evidence.

This study fills the
experimentally validating the natural frequencies of an
using DIC,
supplemented with a high —speed camera to measure

research gap by

elevated rectangular water tank
sloshing and impulsive frequencies. The novelty lies in
the application of DIC for quantifying fluid-structure
interaction on a small — scale tank model and
comparing it with finite element models ( ANSYS)
and design code models ( Eurocode and Egyptian
Code of Practice). With the application of DIC’s non-
contacting capability, this study provides a low-cost
and accurate dynamic response measurement with a
valid framework for numerical model validation. This
study has a twofold contribution; it validates the
effectiveness of DIC in accurately capturing both the
impulsive and convective frequencies and also makes
an elaborate comparison with the simplified design
codes,
rectangular tanks. In this way, a better understanding

thereby bringing out their limitations for

of fluid-structure interaction is provided and a step
towards safer and more dependable elevated tank
design is contributed.
1 Methodology

The study uses experimental and numerical
methods to analyze the natural frequencies of an
elevated rectangular water tank, considering the fluid—
structure interaction using DIC and finite element
analysis. There are three key aspects of the method:
experimental test setup, finite element analysis, and
simplified modeling using design codes.
1.1 Experimental Setup

The experimental model consists of an elevated
rectangular acrylic water tank, supported by Teflon
columns. The tank’s specifications are summarized in
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Table 1. The tank is fixed to the ground using steel
bolts to act as a fixed base.

Table 1 Specifications of the tank

Parameter Value
Material (walls and base) Acrylic
Material ( columns) Teflon

Dimensions (LXxWxH) 25 ecm %20 cm x20 cm

Wall thickness 5 mm
Base thickness 9 mm
Column height 25 cm
Column diameter 15 mm

Fixing method
Elastic modulus (acrylic)
Elastic modulus ( teflon)

Steel bolts to the ground
2800 MPa
382 MPa

For capturing dynamic behavior, a high-speed
camera of 240 Frames Per Second ( FPS) was
employed for the analysis by DIC. The camera was
positioned 1.5 m in front of the longitudinal face of
the tank, perpendicular to it, to get a clear capture of
the whole surface of the tank. A single speckle high-
contrast red dot ( diameter 2—3 mm) was painted on
the tank’s outer surface using non-reflective paint to
enable precise tracking of the surface movements. The
camera was placed on a tripod to reduce vibrations, and
two 500W LED lights were used for illumination to
remove shadows and make the images clearer.

The experimental method consisted of giving an
initial lateral displacement to the tank and letting it be
released. To ensure reproducibility, several videos
were taken for each of the water levels, ranging from
1.4 cm to 9.8 cm. The taken videos were processed
with MATLAB to obtain displacement information by
DIC using the following algorithm.

Get the required video; Determine the ordinates
of pixels of the point that is to be followed (pl);
Search for the ordinates of the pixels matching (pl)
throughout each frame; Determine pixel ordinate
against time.

The displacement records were then processed by
applying CWT and FFT to identify the impulsive and
convective frequencies and their corresponding power
spectra. Fig.1 illustrates the configuration of the
experimental model.

1.2 Finite Element Analysis

The numerical analysis was done with ANSYS

Workbench 2023 R1,

developed by Anagha et a

according to the procedure
1./, to simulate the fluid-
structure interaction and calculate the natural frequencies
of the tank. The geometry was generated by

DesignModeler, reproducing the dimensions and the

material properties of the test tank provided in Table 1.

Fig.1 Experimental model

The tank was modeled using SOLIDI187
elements, which are mid-side node third-order 3D
tetrahedral elements having three translational degrees
of freedom (x, y, z) per node. The fluid domain was
using FLUID220
translations in the x,y, and z directions and pressure,
with an FSI ( Fluid-Structure Interaction) flag at the
interface between the tank and the fluid to couple

discretized elements, having

structural and acoustic response. The contact between
fluid and tank walls was modeled using CONTA174
and TARGE170 elements to define contact behavior,
where the tank surface was defined as deformable and
the fluid interface as a rigid target. To ensure
accuracy, the mesh was refined to an element size of
7.5 mm for the tank walls and fluid domain, and
2.5 mm for the columns. This results in approximately
100, 000 elements for the tank, with the fluid
domain’s element count varying based on its height. A
convergence check confirmed the mesh produced
than a 1%
discrepancy from finer meshes. To correctly represent

stable frequency results with less
the bolt connection at the base of the Teflon columns,
a fixed boundary condition was used. In convective
frequency analysis, the free surface boundary
condition was specified on the upper surface of the
fluid, with gravitational acceleration of 9.81 m/s” to
represent the sloshing effects. In impulsive frequency
analysis, pressure on the upper surface of the fluid
was maintained at 0 Pa. Modal analysis for the empty
tank was done using the standard modal method,
whereas fluid-filled tanks were analyzed using Modal
Acoustics to identify both impulsive and convective
modes. Fig. 2 presents the ANSYS model of the
empty tank, whereas Fig. 3(a) and 3(b) present the

Modal Acoustics setup for impulsive and convective

. 3.
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frequencies, respectively.
1.3 Simplified Modeling

Simplified models created based on
Eurocode and the Egyptian Code of Practice (ECP) to
simulate the dynamic behavior of the tank. The

were

Eurocode approach uses lumped mass models where
the tank-liquid system is represented by two single-
degree-of-freedom systems: one for the impulsive
component ( traveling with the tank walls) and the
other for the convective component ( sloshing). The
impulsive mass (m;), convective mass (m,), and

their respective heights (h,, h_ ) were calculated using
the following equations adapted from Eurocode-8
Part 41> , as illustrated as follows:

2tanh (A,y)

m 2
YA (A, - 1)

(1)

Fixed support

where m_, is convective mass of n mode, m is water
mass, and A\, is a dimensionless wave number.

s
0 100.00 200.00

300.00  400.00(mm)

Fig.2 ANSYS model of an empty tank

Fig.3 Modal acoustics setup (a) impulsive and (b) convective frequencies

1 - cosh (A
h, =h|1 + # (2)
where £, is the convective mass height of n mode, h is
the water height, and A, is a dimensionless wave

number.
An
w, = |8 Etanh()\ﬂ) (3)

where w_, is the convective angular frequency of n
mode, A, is a dimensionless wave number, 7y is the
tank slenderness ratio defined in equation 8, g is
ground acceleration.

While impulsive mass and corresponding
impulsive height can be obtained by Eq.(4).
Ull
w 1 1 ( 7)
mo=m2yy —— (4)

by v,
’ v, 1/1(7)
Y

n

where m; is impulsive mass, I is the Bessel function,
I’ is the Bessel function derivative, y is the tank
slenderness ratio defined in Eq. (8), and v, is a

dimensionless frequency parameter for impulsive
mode shapes given by Eq.(6).
n Un
. (_ 1) 11 ?
Y (=D -
o)
ho=h Y (5)
yn
o Il ( 7)
z Y
n=0

3 7. U”
U, ! 1(7)
Y
h, is the impulsive mass height.

Eq. (6) gives the dimensionless frequency
parameter for impulsive mode shapes.
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_2n+1
" 2
Eq.(7) gives the tank slenderness ratio ( also

T (6)

v

known as aspect ratio) .

H
=— 7
Y=g (7)
where A, is a dimensionless wave number, A, = 1.

841, A, =5.331, A, =8.536, and so on

Although the equations were primarily developed
for circular tanks, they can be adapted for rectangular
tanks by replacing the radius (R) with the length
(L). However, as noted in Eurocode 2006 Part 4,
this adaptation may introduce errors of up to 15%.

Also, the period of oscillation of the first
sloshing mode of the rectangular tanks has a defined
equation,as shown as follows:

L/g 172
T=2w|m 7 H (8)
o tanh o)
1.0 , -
K h/mg I e
™\ e
08 ‘\\\\///V’/
/ m/m

0.6 ><
04 \\\

/ N m/m

/ i N
0.2 "\.\~~

90 02 04 06 08 10 12 1.4 1.6 1.8 20
WL
(@)

where L is half the tank length in the studied
direction, g is the ground acceleration, H is the water
height in the tank.

The ECP adopts a
approach,

similar

charts
convective and impulsive masses and heights for
rectangular tanks'*'

lumped mass
using graphical to determine
! The tank was modeled as a two—
mass system, with the convective mass connected by
springs and the impulsive mass distributed uniformly
across the tank walls at the flexible height h;, as per
the third method described in Ref.[ 22]. The structure
was modeled using SAP2000 to compute theoretical
fundamental frequencies for both empty and partially
filled tanks. Fig. 4 shows the ECP charts for dynamic
parameters, Fig. 5 illustrates the two-mass model,
and Figs. 6 and 7 depict the SAP2000 models for the
empty and partially filled tanks.

2.5 T
21 SN (NN S S SN N O S NS A
15
10 f—!
h /h
0.5 [
b |
0 02 04 06 08 1.0 12 14 16 18 20
WL
(b)

Fig. 4 ECP charts for dynamic parameters: (a) convective and impulsive masses and convective
stiffness for rectangular tank, (b) convective and impulsive masses heights for rectangular tank

— R Y
R W fo&
0 <1 m,=m_+containcer mass+portion

of supporting structure mass

kecd
Equivalent mechanical Two-mass
model model

Fig. 5 Elevated tanks two-mass model

Fig. 6 Finite element model of an empty tank

. 5.
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Fig.7 Finite element model of the partially

filled tank ( water modeled as impulsive
and convective masses)

2 Results and Discussion

This  section provides a comprehensive

comparison of experimental, numerical, and
simplified modeling results of natural frequencies of
an elevated rectangular water tank considering fluid -
structure interaction. The experimental measurements
through DIC using MATLAB,
through ANSYS,
whereas simplified models were established as per
Eurocode and the Egyptian Code of Practice ( ECP).

The outcomes are examined to compare the accuracy

were acquired

numerical analysis was made

and limitations of each technique.
2.1 Lab Results

Experimental  procedures involved  rigidly
attaching the tank to a solid base and applying an
initial lateral displacement to cause free vibration.
Slow-motion video at 240 frames per second was
recorded using a high-speed camera, which was later
analyzed using MATLAB to obtain displacement
information through DIC. To enhance reliability,
several recordings were obtained at each of the
specified water heights, which varied from 0 cm
(dry) to 9.8 cm ( approximately half full). Fig. 8
presents the maximum sloshing height of two various
(a) water height (hw) is 5 cm

(‘approximately one-quarter full) and (b) water

water levels:

height (hw) 9.8 cm. Higher water levels were seen to
be correlated with amplification of sloshing amplitude,
indicating greater liquid-structure interaction. The trend
validates the significance of accurately modeling
sloshing dynamics for tank design.
A 9.8 cm height

history, obtained using DIC pixel tracking, is shown

water displacement-time
in Fig. 9. It has an oscillatory motion with decreasing
amplitude, which is a feature of free damped
10 s, the

decreases, demonstrating the energy loss due to fluid
.6 -

vibration. Over initial ~ displacement

viscosity and structural damping. Frequency analysis
is based on this.

/| " ' ) ) |
8

A

f
.‘

(b) hw=9.8cm

(a) hw=5cm

Fig. 8 Maximum sloshing height of tank partially
filled with water (a) hw=5cm, (b) hw=
9.8cm
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Fig.9 Displacement over time of a tank partially
filled with water (hw=9.8cm)

CWT was used to convert displacement data into
the frequency domain. Fig. 10 displays the 3D CWT
plot for the 9.8cm level. The axes represent frequency
on a logarithmic scale ( Hz ), time (s), and
amplitude in arbitrary units with a color bar for
reference. The plot shows the difficulty of detecting

the frequencies.

10?
N
L
2 10!
5
=
g
i

10°

0 1 2 3 4 5 6
Time(s)
Fig.10 CWT of tank partially filled with water

(hw=9.8cm)

To differentiate the frequencies, CWT sections
were analyzed. Figs. 11 and 12 present sections for
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water heights, where Fig. 11 for heights from 1.4 cm
to 5 cm, with subfigures (a) through (d) for 1.4
cm, 2.6 cm, 3.8 cm, and 5 cm, respectively.Every
subfigure detects the impulsive and sloshing frequency
of different water heights. More than one section were
taken to ensure the accuracy of the analysis,
demonstrating decreasing impulsive frequency from 5.
84 Hz to 5. 11 Hz with increasing water height,
echoing the effect of additional liquid mass decreasing
structural frequency. Sloshing frequency increases
from 1 Hz to 1.63 Hz, fueled by a shallower water
depth amplifying wave motion.
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Fig.12 Sections of CWT of tank partially filled with

water (a) hw=6.1cm, (b) hw=7.3cm, (c)
hw=8.6cm and (d) hw=9.8cm

Fig. 12 demonstrates water height from 6.1 cm to
9.8 cm, with subplots for 6.1 cm, 7.3 cm, 8.6 cm,
and 9.8 cm. These plots show impulsive frequency
dropping from 4.94 Hz to 4.01 Hz, whereas sloshing

frequency rises to 1.84 Hz, though double peaks at

high amplitudes show initial water motion
disturbance, which possibly caused by turbulent flow
or boundary reflections.

To accurately determine the sloshing frequency
of the water, FFT was employed to isolate sloshing
modes as impulsive frequencies decay, resulting in a
single narrow peak, illustrating FFT’s capability for

determining steady-state frequencies, as shown in Fig.13.

@ ()
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[£1.8538 CAL 8446
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Fig.13 FFT of sloshing frequency of a tank
partially filled with water (a) hw=6.1cm,
(b) hw=7.3cm, (c) hw=8.6cm, and (d)
hw=9.8cm

Table 2 provides experimental frequencies,
decreasing base frequency from 5.8724 Hz (void) to
4.0085 Hz at 9.8 cm, and increasing sloshing
frequency from 1 Hz to 1.84 Hz, with a diminishing
rate of increase as the water depth reaches half of the
tank height, reflecting asymptotic behavior in sloshing
dynamics. F1 in Table 2 stands for the first

(fundamental ) sloshing frequency.

Table 2 Frequency with different water heights

Lab
hy (em) hy/L Frequency Sloshing frequency
(Hz) (Hz) (F1)
No water 0 5.87 -=
1.4 0.07 5.84 1.00
2.6 0.13 5.67 1.32
3.8 0.19 5.29 1.52
5.0 0.25 5.11 1.63
6.1 0.305 4.94 1.76
7.3 0.365 4.45 1.82
8.6 0.43 4.30 1.85
9.8 0.49 4.01 1.84

2.2 Finite Element Results
2.2.1 ANSYS results

The ANSYS model for the empty tank, using
material properties ( Teflon: 382 MPa, acrylic: 2800

.7 .
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MPa) and experimental dimensions, produced a
fundamental frequency of 5.9005 Hz in the motion
direction, with a 0. 48% error compared to the
experimental 5.8724 Hz. Fig. 14 shows the first mode
shape, confirming the model’s accuracy for the empty
tank. The low error suggests accurate modeling of

structural stiffness and mass distribution.

Fig.14 ANSYS model: Frequency of empty tank

Fluid-filled tank models were analyzed to help
compare impulsive and convective frequencies with

experimental measurements. Table 3 is an example of
a comparison of the ANSYS with the
experimental results at every water level. The ANSYS

results

results provided a maximum of 2. 92% error for
impulsive frequencies on the water level of 7.3 cm
and a maximum of 5% error for convective
frequencies on the water level of 1.4 cm and
demonstrate precision with respect to experimental
likely linked

assumptions made in the comparison, i.e., ideal

measurements. The errors are to
boundary conditions or finite mesh resolutions used
for the fluid tank simulation. Fig. 15 compares
experimental results to ANSYS results with respect to
the fluid frequencies. The experimental measurements
and ANSYS results correlate very well with each
other, particularly at lower heights. This provides
validation for DIC precision. The discrepancy between
the ANSYS results and experimental results at 3.8 cm
and 7.3 cm may be due to the camera frame rate (240
Hz) or the resolution of speckle patterns that affected

the DIC accuracy.

Table 3 Convective and impulsive frequencies using ANSYS in comparison with lab results

Lab Model ANSYS Error (Model ANSYS) (%)
hy (cm) Impulsive Sloshing Impulsive Sloshing Impulsive Sloshing
frequency (Hz) frequency (Hz) frequency (Hz) frequency (Hz) frequency (% ) frequency ( %)
No water 5.87 - 5.9 - 0.51 -
1.4 5.84 1.00 5.82 0.95 0.34 5.00
2.6 5.67 1.32 5.66 1.26 0.18 4.55
3.8 5.29 1.52 5.42 1.47 2.46 3.29
5.00 5.11 1.63 5.14 1.6 0.59 1.84
6.1 4.94 1.76 4.87 1.69 1.42 3.98
7.3 4.45 1.82 4.58 1.75 2.92 3.85
8.6 4.3 1.85 4.29 1.79 0.23 3.24
9.8 4.01 1.84 4.02 1.81 0.25 1.63
6 Frequency comparison for elevated rectangular tank
mm ] ab frequency
‘ mmm Sloshing frequency(F1)
= Model ansys frequency
St mmm Model ansys sloshing
~ frequency(F1)
=4
Q
g 3
o
2
S
2 ‘
| I I I
O Nowater 1.4 26 38 50 61 713 86 98
Water height(cm)
Fig.15 Comparison between experimental and numerical frequencies
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2.2.2  Simplified results

A variety of simplified models were developed
employing the Eurocode and ECP, allowing for
estimating the dynamic behavior and offering practical
alternatives to complicated numerical-based
simulations. The empty tank model, with the same
properties as ANSYS,

frequency of 5.92023 Hz in the X-direction, as in

produced a fundamental

Fig.16, which shows an error of 0.8145% compared to
the experimental value of 5.8724 Hz, indicating good
correlation despite simplified assumptions.
2.2.3  Model data acquisition

Using equations given in the Eurocode and the
graphs given in ECP, the models data were developed
for a tank with the experimental dimensions.

Table 4 shows different parameters used in the
modeling of the tanks. m :total water mass, h, :convective

height,
mass, K

mass height, h, :

ie

impulsive mass

3

convective mass, m,; : impulsive

convective mass spring.

Deformed Shape (MODAL) - Mode 1; T= 0.16418; (= 6.09079

Fig.16 Frequency and period of the empty tank’s
first mode shape

Table 4 Convective and impulsive parameters used in modeling using the simplified method

Code h, (m) m h, h; m, m; K.
0.014 0.65 0.7 0.56 0.53 0.12 243
0.026 1.21 1.32 1.04 0.94 0.27 75.6
0.038 1.77 1.97 1.52 1.28 0.49 139.2
0.05 2.32 2.66 2 1.53 0.79 201.2
Eurocode 0.061 2.83 3.33 2.44 1.71 1.13 249.5
0.073 3.39 4.12 2.94 1.84 1.55 290.5
0.086 4 5.02 3.53 1.94 2.05 3223
0.098 4.55 5.9 4.09 2 2.55 3423
0.014 0.65 0.7 0.53 0.53 0.05 21.6
0.026 1.21 1.3 0.99 0.95 0.19 62.7
0.038 1.77 1.98 1.44 1.32 0.39 103.7
Ep 0.05 2.32 2.6 1.9 1.62 0.65 166.4
0.061 2.83 3.23 2.32 1.83 1.02 216.1
0.073 3.39 4.02 2.77 2 1.44 259.3
0.086 4 4.82 3.27 2.17 1.9 293.9
0.098 4.55 5.88 3.72 2.27 2.48 322

Only the first two mode shapes have been taken
into consideration as they had a cumulative mass
participation factor of more than 99.999% as shown in
Table 5.

Table 5 Mass participation of a tank partially filled
with water (h=9.8 cm)

Steptype Stepmum  Period Ux 1804 [8/4 SumUX
text unitless sec unitless unitless unitless  unitless
Mode 1 0.506322 0.426225 0 0 0.426225
Mode 2 0.216678 0.573765 0 0 0.99999
Mode 3 0.163733 0 0.999987 0 0.99999
Mode 4 0.135182 0 0 0 0.99999
Mode 5 0.017159 0 0 0.000455 0.99999

In Table 6, a thorough comparison has been
made between the sloshing frequencies calculated from
the Eurocode-8 Part 4 equation, Egyptian Code of
Practice ( ECP ), and the experimental frequencies
measured via Digital Image Correlation ( DIC) during
the experiments in an elevated rectangular water tank
at water heights ranging from 1.4 cm to 9.8 cm. The
ranges of experimental sloshing frequencies ranged
between 1.00 Hz and 1.84 Hz versus the Eurocode
calculated frequencies of 1.07 Hz and 1.93 Hz,
producing a percentage difference of 3. 24% and
7.36%. As for ECP, the sloshing frequencies ranged
between 1.01 Hz and 1.77 Hz, producing a percentage

difference of 1. 0%, and 9. 21%. The errors in

.9.
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Eurocode indicate the difficulty in wusing basic
assumptions of circular tanks for rectangular
geometries, since rectangular geometries have

variations when it comes to boundary conditions and
features of wave propagation. The maximum error of

7.36% at 5 cm was still under acceptable error
according to the Eurocode. As discussed previously,
potential nonlinear sloshing behavior, such as wave
breaking or turbulent flow at higher water heights, is
not computed in the simplified model.

Table 6 Eurocode results and comparison with lab results

Water height Method Impulsive frequency Difference Convective frequency Difference
(em) (Hz) (%) (Hz) (%)
Experimental 5.84 - 1 -
ANSYS 5.82 0.34 0.95 5
14 Eurocode 5.8 0.68 1.07 7
ECP 5.89 0.86 1.01 1
Experimental 5.67 - 1.32 -
ANSYS 5.66 0.18 1.26 4.55
2.6 Eurocode 5.69 0.35 1.41 6.82
ECP 5.75 1.41 1.28 3.03
Experimental 5.29 - 1.52 -
ANSYS 5.42 2.46 1.47 3.29
3.8 Eurocode 5.47 3.4 1.62 6.58
ECP 5.54 4.73 1.38 9.21
Experimental 5.11 - 1.63 -
ANSYS 5.14 0.59 1.6 1.84
3.0 Eurocode 5.23 2.35 175 7.36
ECP 5.33 4.31 1.56 4.29
Experimental 4.94 - 1.76 -
ANSYS 4.87 1.42 1.69 3.98
6.1 Eurocode 4.99 1.01 1.83 3.98
ECP 5.04 2.02 1.66 5.68
Experimental 4.45 - 1.82 -
ANSYS 4.58 2.92 1.75 3.85
73 Eurocode 473 6.29 1.88 33
ECP 4.77 7.19 1.72 5.49
Experimental 4.3 - 1.85 -=
ANSYS 4.29 0.23 1.79 3.24
8.6 Eurocode 4.46 372 1.91 3.24
ECP 4.51 4.88 1.74 5.95
Experimental 4.01 - 1.84 -
0.8 ANSYS 4.02 0.25 1.81 1.63
Eurocode 4.24 5.74 1.93 4.89
ECP 4.24 5.74 1.77 3.8

Table 6 highlights the simplified method’s utility
as a practical tool for preliminary design, offering
reasonable estimates despite its simplifications, but
also underscores its limitations compared to the higher
accuracy of DIC ( validated against ANSYS with
errors up to 4.55% for convective frequencies). By
measuring these differences, Table 6 supports the
study’s aim to evaluate simplified design codes against
experimental and numerical

procedures, offering

important perspectives on the accuracy of the

.10 -

simplified method for rectangular tank design, and
that
example DIC, are needed for accurate dynamic

demonstrates sophisticated  techniques, for
response analysis in seismic design.

Eq. (8) was used to create Table 7 which shows
the difference between the equation of sloshing
frequency of the rectangular tanks in the Euro-code
and lab results. The maximum error of the sloshing

frequency is 8% , which is considered reasonable.
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Table 7 Comparison between lab results and the
equation of the rectangle sloshing
frequency in Eurocode

Eurocode (exact Error ( Eurocode)
model hw (cm)  rectangle equation) (exact rectangle
(Hz) equation) (%)
1 1.4 0.92 8.00
2 2.6 1.23 6.82
3 3.8 1.44 5.26
4 5.0 1.60 1.84
5 6.1 1.70 3.41
6 7.3 1.79 1.65
7 8.6 1.85 0
8 9.8 1.89 2.72
3 Conclusions
This study experimentally and numerically

investigated the natural frequencies of an elevated
rectangular water tank that focusing on fluid-structure
interaction. The methods enployed DIC, as an

ANSYS finite element
analysis, and simplified models based on the Eurocode
and Egyptian Code of Practice ( ECP). The findings

provide valuable information on the dynamic behavior

experimental measurement,

of elevated tanks and validate the use of DIC as a
non-contact measuring technique.

The experimental DIC data, recorded with a
high-speed camera, were analyzed using CWT and
FFT. The analysis showed that increasing the water
height from 0 cm to 9.8 cm, decreased the impulsive
frequency from 5.8724 Hz to 4.0085 Hz due to the
added liquid mass, while the sloshing frequency
increased from 1.00 Hz to 1.84 Hz, indicating greater
wave motion.Observed results exhibited similar trends
with the validation by ANSYS at each water height,
producing a maximum error of 2.92% for impulsive
frequencies and 5% for convective frequencies in
comparison to the DIC results, indicating a high rate
of numerical accuracy. The DIC results closely
matched the ANSYS results to validate DIC as a useful
method for measuring impulsive as well as convective
modes of vibration, where minor errors in frequencies
at 3.8 cm and 7.3 cm were attributed to camera frame
rate capture limitations (240 Hz) or the level of
resolution achieved from the speckle pattern.

The simplified models based on Eurocode and
ECP provided practical alternatives for frequency
estimation. The Eurocode sloshing model ultimately

led to percentage errors of 6.29% and 7.36% for
impulsive and convective frequencies, respectively,
while ECP resulted in percentage errors of 7.19% and
9.21%, respectively. Both were less accurate than
ANSYS. The sloshing frequency obtained using the
with
assumptions based on circular tanks. The ECP model’s

Eurocode was developed from a model
larger errors were experienced especially at higher
water levels and were ultimately due to the use of a
simplified two-mass assumption in conjunction with
graphical charts. Given that DIC and ANSYS have
substantially higher accuracy than the simplified
models discussed, these comparisons illuminate the
difference between practical —useful results against the
ill-posed limitations of

simplifying assumptions.

Advanced methods are needed in such a critical
application.

The practical implications of this study are
significant for structural engineering. The validated
DIC method offers

approach to measure dynamic responses,

a cost-effective, non-contact
enabling
engineers to assess tank behavior under seismic loads
with high accuracy. This is crucial for designing and
monitoring elevated rectangular tanks in earthquake-
prone where avoidance is

regions , resonance

paramount. The FEurocode’s reasonable accuracy
supports its use in preliminary design phases, while
ANSYS’s reliability is ideal for detailed analyses
requiring precise frequency predictions. However, the
study’s limitations must be considered. The small-scale
tank model may not fully replicate the behavior of full-
scale structures, where additional factors like soil-
structure interaction or larger wall dimensions could
influence dynamics. The DIC setup’s reliance on a 240
Hz camera may have missed transient high-frequency
phenomena, and the speckle pattern’s resolution could
introduce minor errors in displacement tracking,
particularly at higher water levels where turbulent flow
Additionally , the

especially  for

complicates ~ measurements.

simplified models’ assumptions,
their

capturing complex fluid-structure interactions.

rectangular geometries, limit accuracy in

Future research should address these limitations
by applying DIC to full-scale tanks under real seismic
excitations to evaluate its scalability. Incorporating
higher-frame-rate cameras or advanced image processing
could enhance DIC’s ability to capture high-frequency
modes. Exploring soil-structure interaction effects, as

suggested by Visuvasam et al.'” | could provide a more
211 -
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comprehensive understanding of tank dynamics in
diverse geotechnical conditions. Further refinements to
simplified models, such as tailored equations for
rectangular tanks or integration of nonlinear sloshing
effects, could improve their reliability. Additionally,
investigating the impact of internal baffles, as studied
by Kangda et al."”! | on rectangular tank frequencies
could inform design strategies to mitigate sloshing
amplitudes. These advancements would build on this
study’s foundation,

enhancing the safety and

efficiency of elevated tank designs in seismic zones.
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