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Sloshing of the contained liquid is an important issue, which needs to be dealt with in the design of moving
liquid storage tanks, such as fuel tanks subjected to earthquakes. Numerical methods such as the finite element
method or smoothed particle hydrodynamics are commonly used to analyze the sloshing response of liquids in the
design of liquid storage containers. The analysis results obtained from numerical methods are usually validated
through the comparison of free surface displacements obtained from laboratory tests conducted on scaled tank
models. However, the equipment required for measurement can be quite costly and the setup of the measurement
system for moving containers can be a tedious process. In order to simplify the measurement setup and reduce the
associated cost, we propose a measurement system based on morphological image analysis using a stationary HD
camera. In order to verify the validity of the proposed method a shaking table test was conducted on a transparent
prismatic liquid tank subjected to a simulated earthquake base motion. The liquid tank was filled with colored
water to facilitate image analysis. The video record of the experiment was processed by the proposed algorithm
implemented in the MATLAB environment to measure free surface displacements directly on the wall of the tank.
The free surface displacements obtained from the video record by automated image analysis were congruent with
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the manual measurements conducted on the individual video frames.
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1. Introduction

Sloshing or the violent shaking of liquid in moving ves-
sels is an important issue to be considered in the analysis
and design of liquid storage tanks in seismically active
regions. Hydrodynamic force and overturning moment
generated by the movement of the contained liquid dur-
ing earthquakes can cause significant damages to the tank
walls and foundation. Furthermore, sloshing waves at the
free liquid surface can damage the cover and result in the
spilling of contents. Therefore, it is essential to have ac-
curate estimates of hydrodynamic loads and free surface
displacements due to sloshing in the seismic design of
liquid storage tanks.

However, modelling of the sloshing action in moving
containers is quite complex and depends on a number of
factors including the tank geometry, liquid depth and the
characteristics of the external excitation [1]. Various ana-
lytical models for predicting the hydrodynamic pressures
and free surface wave displacements in liquid storage con-
tainers subjected to base excitation have been proposed
by researchers since the early 20th century [2-4]. The ad-
vances in the computing resources in the last few decades
led to the adaptation of numerical methods such as finite
element method (FEM), finite difference method (FDM),
boundary element method (BEM) and smoothed particle
hydrodynamics (SPH) to computational fluid dynamics
(CFD) and fluid-structure interaction (FSI) problems to
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overcome the limitations of analytical models. Exten-
sive literature reviews of the analytical and numerical
methods used in the analysis of accelerated liquid stor-
age tanks can be obtained from Ibrahim [5], and Faltinsen
and Timokha [6].

Even though analytical and numerical modelling of
partially filled moving liquid containers have been stud-
ied extensively, many aspects of sloshing action are not
yet fully understood. Hence, laboratory experiments
are still widely needed to verify the analysis results
obtained from analytical models and numerical meth-
ods. Sloshing experiments on scaled liquid containers
by Luo et al. [7], Kim et al. [8], Mei-Rong et al. [9],
Pistani and Thiagarajan [10], Souto-Iglesias et al. [11]
and Frosina et al. [12] are among the recent examples
of these studies.

An overview of these experimental studies shows that
sloshing experiments are conducted on geometrically
scaled liquid containers with transparent plexiglas or
fiberglass walls. Hydro-elastic effects caused by the fluid
structure interaction may be taken into account by ad-
justing the thickness of the tank walls. The liquid inside
the tank may be colored to facilitate the visualization of
the sloshing action. Scaled liquid containers are mounted
on shake tables which are used to simulate the motions
(translation, pitch and yaw) that liquid storage tanks will
be subjected to in their service life.

Hydrodynamic pressures acting on the storage tank
walls are recorded with pressure sensors or load cells
and the deformations of the tank walls are tracked with
strain gauges placed at critical locations on the tank
model. Free surface waves due to sloshing may be tracked
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with capacitance wave probes placed at critical loca-
tions in the tank. Alternatively, free surface displace-
ments can also be measured with the help of laser or
ultrasonic sensors. The advantages and disadvantages
of free surface and sloshing force measurement methods
are discussed in [13].

Experiments are also usually recorded with one or
more video cameras to view the free surface displace-
ments throughout the experiment. Image processing of
the selected frames of the video record is a commonly
used method for validation purposes. Although pro-
cessing an experimental image at a particular instant
is quite straightforward, processing the video records
of sloshing experiments manually, frame by frame, is
a laborious task and there is a lack of a clearly de-
fined procedure in the existing literature for the eval-
uation of the free surface displacements in sloshing
experiments.

The challenges of automating the task of image pro-
cessing of the frames of the video records are presented
below:

e location of the tank changes in each frame since
the video camera is at a fixed location. There-

fore, the tank and its contents need to be identi-
fied in each frame and the image distortions due to
changes in the relative distance between the tank
and the video camera need to be corrected;

(b)

Fig. 1.

The tabletop shake table used in the experiment has
a uniaxial displacement capacity of 200 mm. The max-
imum velocity which can be applied is 500 mm/s. The
payload of the shake table is 50 kg at 2¢g and 100 kg
at 1g. The shake table has built-in functions to simulate
step, cyclic (saw tooth, sinusoidal and square displace-
ment patterns) or user defined excitations in the hori-
zontal direction.

North-South component of the 1940 Imperial Valley
Earthquake (El Centro Array 9 / I-ELC180.AT2) was
used as the base excitation acceleration time-history for

e small splashes do not have a profound damaging
impact on the tank roof and it can be misleading
to take them into account in the estimation of the
freeboard requirements. Therefore, small splashes
need to be filtered out during image processing;

e interference due to background objects and their

reflections may make the processing of images
difficult.

This paper proposes a step by step methodology to
overcome the challenges delineated above in the automa-
tion of the image processing of sloshing experiment video
records for tracking the free surface sloshing displace-
ments in geometrically scaled rectangular tanks sub-
jected to horizontal earthquake ground motions.

2. Experimental setup and video acquisition

The plexiglas (acrylic glass) liquid storage tank used
in the experiment has a length of 400 mm, a width of
300 mm and a height of 500 mm. The plexiglas panels
have a thickness of 10 mm. The tank was filled up to a
height of 100 mm with water which was colored red in or-
der to improve contrast. The plexiglas panel at the back
wall was covered with white paper to avoid background
interference. The tank model was fixed to the shake table
with 6 bolts at the base plate as shown in Fig. 1a and an
accelerometer was placed on the base plate to record the
acceleration time-history.

Video \ Background
Camera ; Panels
1%
/_ Tank Model
- 15m
Wall \% Shake Table

(a) Experimental setup, (b) video acquisition setup.

the experiment. KEarthquake acceleration time-history
record file was obtained from the PEER NGA West2
Ground Motion Database [14] and it was scaled in order
to stay within the displacement, velocity and acceleration
limits of the shake table, as shown in Fig. 2. Peak ground
acceleration of the scaled earthquake time-history record
was 0.25¢.

Video acquisition is an important first step in the ex-
perimental measurements of liquid sloshing. Depending
on the quality of the video data, results from image pro-
cessing based measurements may vary. Therefore, cam-
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Fig. 2. Base acceleration time-history used in the ex-
periment.

era position, installation and scene illumination are cru-
cial to the success of the subsequent image processing in
the measurements. The camera location should be cho-
sen to minimize line-of-sight interruptions to the view of
the prismatic tank. The camera should be fixed to in-
crease the chance of stable and continuous image data
acquisition.

An HD video camera (Canon Mark IIT 85 mm f/1.4)
was used to record movements of the colored liquid in the
plexiglas prismatic tank placed on a flatbed on top of the
shake table. The video camera was placed at a distance
of 1.5 m away from the tank model and a height of 20 cm
from the floor. The camera remained stationary through-
out the experiment. White panel boards were placed on
both sides of the shake table to minimize the interfer-
ence of background objects during the video acquisition,
as shown in Fig. 1b. Since uniaxial displacement capacity
of the shake table is 20 cm, distortions due to changes in
the relative distance between the right wall of the tank
and the camera are negligible in the given configuration.

3. Image analysis for liquid sloshing experiment

The recorded video of sloshing lasted about 20 s and
containd 578 frames. Frames of the video were extracted
and analyzed in the MATLAB environment. A sample
frame from 6th second of the video is shown in Fig. 3a.

Flowchart given in Fig. 4 shows, how the sloshing ex-
periment video was analyzed to measure the peak value
of the liquid wave at the right wall of the prismatic tank.

Before processing the frames extracted from the afore-
mentioned video, each frame is converted from RGB to
grayscale color space by using the standard NTSC con-
version formula [15] which is used for calculating the ef-
fective luminance of a pixel (4, j), as in Eq. (1)

I(i,7) = 0.2989 red(z, j) 4+ 0.5870 green(i, j)

+0.1140 blue(s, 5) (1)
In a grayscale digital image, the value of each pixel car-
ries only the intensity information. Images of this type
are composed exclusively of shades of gray, varying from
black at the weakest intensity to white at the strongest.
Figure 3b shows grayscale converted version of the frame
shown in Fig. 3a.

(a)

Fig. 3. (a) A sample frame from 6th second of
the video, (b) grayscale converted version of the
frame in (a).

To ensure successful identification of the position of
the air-liquid interface on the tank side, equipment such
as the shake table and flatbed on top of the shake ta-
ble should be removed from the image. Therefore, after
grayscale conversion, the image was cropped to remove
the part lying beneath the flatbed of the shake table. Re-
moved portion is not important as it does not carry any
useful information about the problem at hand.

Digital images contain a variety of types of noise. Noise
is introduced during the image acquisition process, de-
pending on how the image is created. Because of this
noise, pixel values do not reflect the true intensities of
the real scene. In our case, image is acquired directly
in a digital format, the CCD detector mechanism for ac-
quiring the image can introduce noise. Therefore, after
cropping, a 5 x 5 median filter was applied to the im-
age for noise removal. The median filter replaces the
value of the pixel of interest with the median value of the
neighboring pixels and is effective in reducing irregular
noise [16].

Since a colored liquid is used in the experiment, a sim-
ple thresholding operation [16] turns the image into a
binary image, leaving nothing but the liquid. In order
to achieve this goal, an optimal threshold value should
be determined to identify colored liquid. Thresholding
is the simplest method of image segmentation. The sim-
plest thresholding method replaces each pixel in an image
with a black pixel if the image intensity I(i, j) at pixel (i,
7) is less than some fixed constant 7" (that is, I(i,j) < T),
or a white pixel if the image intensity is greater than or
equal to that constant. Figure 5 shows the binary image
obtained after the thresholding has been performed.
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Fig. 4. Proposed algorithm.

Fig. 5. Binary image obtained after the thresholding.

After grayscale to binary image conversion, air-liquid
interface may be identified by detecting edges of the im-
age. However, edge detection alone is insufficient for air-
liquid interface identification. There are still noises to be
removed in the form of small regions on the wall of the
tank resulting from splashed liquid droplets. Morpho-
logical operations, such as connected component label-
ing [17, 18] and small object removal should be applied
to remove these liquid droplets after edge detection.

Edge detection [16] is an image processing technique
for finding the boundaries of objects within images. It
is used for image segmentation and works by detecting
discontinuities in image brightness. Common traditional
edge detection techniques include the Roberts, Prewitt,
Sobel, Laplacian operators and the Canny edge detec-
tion. In this work, instead of traditional edge detection
techniques, morphological gradient method [16, 19| was
employed since morphology based edge detection perform
comparably and in some cases better than conventional
schemes based only on linear gradients/filters; further,
the morphological gradients are computationally more ef-
ficient [20].

Dilation and erosion [16] operations are both forms
of basic morphological processing; the former is used to
thicken the objects, whereas the latter is used to shrink
the objects. Both dilation and erosion operations are
produced by the interaction of a set called a structuring
element with a set of pixels of interest in the image. The

structuring element has both a shape and an origin. Ero-
sion of an image I by a structuring element B, denoted
IOB, is defined as in Eq. (2)

16B = {z|(B). € I} (2)
where (B), is the shifted version of B by z. Erosion
is the set of all points z such that B, shifted by z,
is contained by I. Similarly, dilation of an image I
by a structuring element B, denoted I & B, is defined
as in Eq. (3)

J@B:{z|(1§)zm¢w} 3)

~

where (B), is the reflection of B about its origin and fol-
lowed by a shift by z. Dilation is the set of all shifts z,
the shifted B and I overlap by at least one element.

Dilation and erosion can be combined with image sub-
traction to obtain the morphological gradient of an im-
age [16], denoted by G, as in Eq. (4)

G=({I@®B)-(I6B) (4)
Morphological gradient is the difference between the di-
lation and the erosion operations and it enhances the
edges, while suppressing the contribution of the homoge-
neous areas, thus producing a “derivative-like” effect [16].
Therefore, it is useful for finding the edges of an object.
After using a 3 x 3 cross-shaped structuring element B,
edges can be obtained as in the Fig. 6a.

In a binary image with pixel values 0 and 1, in order
for two pixels to be connected, they must be neighbors
having the same value. A connected component is a set
of pixels in a binary image that are connected with re-
spect to a neighborhood rule (4-, 8- or m-neighborhood).
Connected component labeling basically finds the con-
nected components of a binary image. A label is a pos-
itive integer that uniquely names a connected compo-
nent. In the labeling process, all the pixels in a connected
component are given the same positive integer number
starting from 1. Thus, all the pixels in the first con-
nected component is labeled as 1 and those in the second
as 2 and so on.
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Fig. 6. (a) Morphological gradient edge detection,

(b) elimination of unwanted regions by small object re-
moval.

Small object removal process removes all connected
components (objects) that have fewer pixels than a speci-
fied number of pixels from the binary image. This process
is important when determining boundaries of the liquid.
If the pixel regions with a small area are not removed,
resulting image may contain false regions resulting from
splashed liquid droplets. Unwanted regions that are visi-
ble in Fig. 6a have been removed in Figure 6b by deleting
the pixel regions that contain 1000 or less pixels.

After the unwanted region removal, the peak value of
the liquid wave at the right wall of the tank is deter-
mined by scanning the image values, starting from the
top right corner of the image and going through the bot-
tom right corner and then going through the left, column
by column.

The process mentioned above is applied to each frame
to measure the peak value. Figure 7 shows the peak
value of the liquid wave at the right wall of the tank
versus time. Since the frame rate of the video is 29 frames
per second, the scale of the horizontal axes can easily
be converted to time by multiplying the frame number
with 1/29 s. The scale of the vertical axes shows the
peak value in millimeters. Since a height of 100 mm
corresponds to 178 pixels in our video, the resolution is
100 mm /178 pixels = 0.56 mm per pixel. Hence, the scale
of the vertical axes can easily be converted to distance
by multiplying the number of pixels with 0.56 mm /pixel.

4. Verification and validation of measurements

In order to verify the validity of the proposed method,
the free surface displacements obtained from the video
record by automated image analysis were compared with
the manual measurements conducted on every 10th frame
(equally spaced video frames separated by 10/29 s) as
shown in Fig. 8. The computational results did not com-
pletely match the experimental data at some frames as
the frames with excessive bubbles cause some detection
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Fig. 7. Sloshing displacement at the right wall of the
tank.
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Fig. 8. Validation of the liquid level in selected frames.
errors in the peaks. Therefore, in some frames, the peak
value of the liquid wave was underestimated by as much
as 14.7%. However, the average of the absolute errors for
the selected frames was found as 4.77 mm.

The validation study confirms that the use of the pro-
posed measurement system with a stationary HD camera,
provides a reasonable means for monitoring the sloshing
displacements in transparent prismatic liquid tanks.

5. Conclusion

Video records are widely used in sloshing research to
compare image snapshots taken at certain time instants
of sloshing experiments in order to verify the free surface
profiles obtained through numerical models. Consider-
ing there are thousands of frames in the video records of
sloshing experiments, it is quite impractical to manually
process each frame to obtain the variation of sloshing dis-
placements at a given point throughout the experiment.
Although, capacitance probes and particularly laser sen-
sors coupled with data acquisition systems are able to
measure free surface displacements with a high degree of
accuracy, these systems can be quite costly and in certain
cases can be invasive.

This paper proposes a non-invasive low cost method
for monitoring the free surface displacements in sloshing
experiments through the morphology based processing
of the video records. A video acquisition-image analysis
system that contains an HD camera was used to measure
sloshing displacements at the right wall of the tank.
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Accuracy of the proposed measurement system de-
pends on the spatial and temporal resolution of the video
acquisition device. Since higher image resolution means
more image detail, increasing the spatial resolution in-
creases the number of pixels per centimeter. Temporal
resolution affects the precision of a measurement with
respect to time. Higher acquisition rates (frame rates)
permit the observation of faster changing events. Hence,
increase in both the spatial and temporal resolution of
the video acquisition device increases the measurement
accuracy.

Although, the methodology described in this paper is
intended for rectangular tanks subjected to horizontal
base motion, it can easily be adapted to handle other
prismatic tank geometries or types of excitation such as
pitch and yaw. Moreover, proposed measurement system
is suitable for educational purposes and for small scale
laboratories.
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