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Self-healing mechanism (SHM) application has attracted interest due to ability to self-heal as response to
damage situations in various conditions, and is being actively explored. However, the application of SHM
that can be autonomously triggered for temporarily keeping structural integrity of underwater robotic
vehicle (URV) under flooding condition is still scarce publicly. This paper describes an investigation in
watertight integrity performance of URV’s hull under damaged stability criteria. The main goal is to
investigate the characterization of a rapid SHM through an experiment for identifying progressive flood-
ing in a damaged URV’s hull. Here, it is demonstrated that the effectiveness of sodium polyacrylate, a kind
of superabsorbent polymers (SAP), had been studied by applying the polymer on an experimental model
of damaged URV’s hull. A comparison is studied for the stability of the flooded URV and the mass of water
accumulated inside the URV’s hull between the cases of before and after applying the SHM in the dam-
aged model under different damaged conditions. The results showed that the SHM application had
rapidly blocked the damaged leak hole and prevented severe water flow ingress in the damaged URV’s
hull. Swift recovery of buoyancy was obtained, as the volume of absorbed water by SHM was converted
into equivalent buoyancy loss. These findings are establishing a fundamental knowledge for implemen-
tation of SHM in underwater robotic structures.
� 2020 The Authors. Published by Elsevier B.V. on behalf of Faculty of Engineering, Ain Shams University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).
1. Introduction

Many underwater robotic vehicle (URV) are deployed in the
coastal and offshore areas to conduct multiple activities, such as
oceanography surveillances, underwater operations, and site
monitoring. In most of the circumstances, operations in the
shallow-water area is associated with strong and intermittent
wave surge which requires URV can ride out the wave surge and
then repositioning and re-acquiring the objects being sensed. The
hull structural integrity of an URV is important to ensure its surviv-
ability, especially maintaining the buoyancy and preventing water
from damaging the inner electronic sensors and components. The
cases of losing underwater robots during operations, such as Kaiko
[1] and Nereus [2] had caused significant properties loss and oper-
ational delay to the operators. For structures working in offshore
environment, the potential damages of submerged hull are consist-
ing of three categories. The first factor may be attributed to corro-
sion and fatigue cracking due to age-related damages [3]. Secondly,
when combined with transverse bulkhead failure, the impact load
from ships and in addition to the external loads can lead to loss of
reserve buoyancy [4–6]. The third one is loss of stability, which the
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Nomenclature

C5H7NaO3 Methyl acetoacetate, monosodium salt
g Gravitational acceleration (m s�2)
M Mass (kgÞ
P Pressure (kg m�1 s�2)
T Temperature (�C)
q Density of the fluid (kg m�3)
V Submerged volume (m3)
F Constraining force from external support
U Velocity potential
I Moment of Inertia

SB Wetted body surface
SA Water surface cut out by wetted body surface
Vao Volume of air in an intact URV’s hull
Vwi Volume of water ingress
Bo Intact buoyancy force
BN Buoyancy force for a column hull without a self-healing

mechanism
BSH Buoyancy force for a column hull with a self-healing

mechanism
RB Recovery buoyancy force
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result of hold flooding [7–9]. Once there is an opening of leakage
under the sea level, the damaged hull compartments will be fully
flooded. The increase of total payload inside the hull by inflow
water, will affect the stability and centre of gravity of the damaged
hull from their original condition [10]. The change of hydrostatic
pressure due to descent of hull position caused by loss of buoyancy
leads to more water flowing into the damaged compartments until
the pressure inside the hull is in equilibrium with the inlet pres-
sure [11].

Loss of buoyancy over the design life due to partial or complete
flooding of the URV lead to equipment failure, especially on the
emergency surfacing system [12], and image detection system
[13]. Due to the risks as above, a URV with single column hull, as
shown in Fig. 1, may experience malfunction of its internal elec-
tronic sensors and components under flooded condition, which
can lead to the destroy of the URV [14]. As one of the most critical
components in the URV, the water-tightness protection of the
onboard electronic module must be monitored throughout all
phases. Several aspects need to be specifically considered in
designing the URV’s hull, such as impact conditions and structural
integrity for additions and tapings [15]. Subsequently, the water-
tightness of the URV’s hull is designed to be similar to the function
of ship and submarine hull [16], as the internal compartment is
designed to be single column hull. If the compartment is fully
flooded due to leakage, the total loss of buoyancy will cause the
offshore vehicles, such as URV cannot be recovered [9].

In line with the development of advanced materials, advanced
polymer materials are used widely in various applications, such
as manufacturing vehicles and daily goods, as well as in engineer-
ing applications, including self-healing technology. The idea of self-
healing technology of some synthetic polymeric materials comes
from the ability of biological systems to perform autonomic heal-
Fig. 1. Typical underwater robo
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ing response upon damages that occur towards the system
[17,18]. Conceptually, self-healing material (SHM) have the built-
in capability to substantially recover their mechanical properties
after damage [19]. Hence, thorough studies and advancement of
these polymer materials have been conducted by mimicking the
self-healing capability of biological systems.

These materials are anticipated to be used widely attributable
to their safety and resilience without distress due to prolonged
monitoring and to avoid any external repair. Polymeric materials
that can intrinsically heal at damage sites under wet or moist con-
ditions are urgently needed for biomedical and environmental
applications [20–22]. Like alternative methodologies that use auto-
trophs of microalgae, SHM remains resilient to highly concentrated
organic wastewater’s toxic contaminants by adsorption utilizing
ion salts [23–25]. Despite recent progress in the design of self-
mending polymeric materials based on crack-activated crosslink-
ing, light, heat or other external stimuli, these remain less than
perfectly healed, and, in the case of polymers in wet environments,
self-healing technologies are even more limited than those engi-
neered for dry conditions.

Due to such limitations, a composite based SHM is proposed in
this paper, by the use of a superabsorbent polymer (SAP) pre-
stored in the space between the outer and inner wall of URV’s hull.
SAP material can absorb and retain a large amount of water and
aqueous solutions [26]. One of the most commonly used SAPs in
the world is sodium polyacrylate [27]. It is a type of salt made from
negatively charged polyacrylate that comes from the carboxylic
group, and sodium that neutralizes the polyacrylic acid. Presence
of carboxylic group aids water absorption process, and the
crosslinking between the polymer chains holds polymers together
and averts solubilisation of SAPs in water [28]. The amount of
water uptake in this material is strongly reliant on both the salt
tic vehicle (URV) concept.
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concentration of the aqueous media and the crosslinking density of
the polymers [29]. Therefore, sodium polyacrylate is a highly
potential material to ensure water-tightness of the leak-hole on
the URV’s hull.

The main objective of this study is providing an idea of the time
response of URV by varying the buoyancy force, with the existence
of hydrostatic pressure phenomenon, as the location of failure
between URV vary. To fulfil this objective, the parametric study
had been conducted in order to discover the interference effect
of the sensitivity of different leak-hole locations, due to hydrostatic
pressure phenomena, to the responses of hydrodynamic stability of
the damaged URV. This research was extended on the SHM appli-
cation at selective damage URV configuration in order to make
the comparison with damage URV condition. The overall proce-
dures and steps taken in conducting this research are summarized
in Fig. 2.

The novelty of studying SHM for the URV is two-fold: firstly, it
provides a fundamental understanding on the SHM implementa-
tion in underwater robotic hull to prevent further water ingress
due to structural leakages; secondly, it can be utilized to specifi-
cally assess the effectiveness of SAP experimentally in calm water
condition so that its behaviour with regards to water absorption
property and the resulting water-tightness effect can be deter-
mined. The paper is organized as follows:

Section 2 outlines the different case matrices used to conduct
the flooding test of URV’s hull model, such as different of leak-
hole size and locations, and the SHM application setup. The math-
ematical modelling of buoyancy force and the physical effects that
the models aim to describe. Section 3 presents the outcomes on
water tightness condition and the sensitivity of damaged URV
without SHM application. The percentage of buoyancy loss caused
by the ingress of water into the column hull model with respect to
the position of the leak-hole was observed, and the results was
used as a basis to SHM application later. Section 4 reveals the find-
ings on SHM application towards the damaged URV. The morphol-
ogy of SAP before and after swelling was examined, in order to
study the effectiveness of SAP characteristic. Section 5 presents a
discussion and the SHM can now be predicted by the characterized
new buoyancy which generated by empirical formula, and then
conclusions are drawn in Section 6.
Fig. 2. Research metho

1997
2. Problem formulation and experimental setup

At zeroth order, an Archimedes’ law was derived from conserva-
tion of linear momentum as described in Eq. (1):

Mg ¼ qgV ð0Þ þ Fð0Þ3 ð1Þ
Let M be the mass of the entire floating body, part of which may

be above the free surface, and A 0ð Þ be the area of S 0ð Þ
3 and

IA1 ¼
ZZ

S 0ð Þ
A

ðx� X 0ð ÞÞdxdy; IA2 ¼
ZZ

S 0ð Þ
A

ðy� Y 0ð ÞÞdxdy ð2Þ

be the moments of inertia of the cut plane S 0ð Þ
A as derived in Eq. (2)

[30], then the linearized z momentum equation at O eð Þ is described
in Eq. (3):

M½Z 1ð Þ
tt þ att y

�c � Y 0ð Þ
� �

� btt x
�c � X 0ð Þ

� �
¼ �q

ZZ
S 0ð Þ
B

U 1ð Þ
t n3dSþ Fð1Þ3 � qgðIA2a� IA1bþ Z 1ð ÞA 0ð ÞÞ ð3Þ

If the floating body is totally immersed, S 0ð Þ
A vanishes and buoy-

ancy does not affect the dynamic equilibrium.
The buoyancy loss, b of a single cylindrical-based URV’s hull is

defined by reduction of its intact buoyancy force, Bo due to water
ingress. New buoyancy force, BN of a hull after it is reclaimed into
a new equilibrium state, is defined in Eq. (4):

BN ¼ Bo � b ¼ qwg Vao � Vwið Þ ¼ qwg
pd2

4
L� hwð Þ ¼ D� lð Þg ð4Þ

where qw is density of water, g is gravitational acceleration, Vao and
Vwi refer to the volume of air in an intact URV’s hull and the volume
of water ingress, respectively, d is inner diameter of the URV’s hull, L
is length of the hull, hw is height of water ingress in the hull, D is
displacement of the hull, and m is mass of water ingress inside the
hull.

The experiment was conducted at Marine Technology Centre at
Universiti Teknologi Malaysia. A calm water basin with length of
1.00 m, width of 0.45 m and depth of 0.45 m had been utilized
to conduct the experiment of buoyancy loss. Fig. 3 shows the lay-
out of the experiment. The single hull model (column) was sub-
dology flowchart.



Fig. 3. Schematic diagram of the Flooding Test of URV’s Hull.
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merged 0.1 m from still-water level to avoid free-surface effects
upon the response of the hull model. The single hull model was
floated vertically in the water domain in the basin, by mooring it
to a base-weight which was located on the bottom floor of the
water basin. The test basin was fabricated from transparent acrylic
plates for hosting water up to 0.4 m in height. In order to observe
the process of water ingress, the model of hull was constructed in
the form of transparent prospect acrylic cylinder, which was excel-
lent for visual underwater exploration, and because of its longevity
in seawater due to corrosion resistant [31]. The size of single hull
model is according to the scale model of the hull of offshore struc-
ture; modified based on the works of [32], with a scale of 1:36.67
and slenderness ratio of 3.5 as tabulated in Table 1. A horizontal
frame was installed on the top of test basin, where a load cell
was attached on the frame and connected to the top of underwater
cylindrical hull model, by initially setting the connection line was
in zero tension condition. Load cell was operated to measure the
in-line tension and tension variations of the hull with respect to
buoyancy loss during the experiment runs. These values were then
converted into total buoyancy loss. Portable data acquisition sys-
tem consisting of HX711 amplifier board and Arduino board was
utilized to record the signals from the load cell. Two cameras were
utilized to record the mechanism of water ingress and self-healing
mechanism of the hull model from the front view and the under-
Table 1
Principal parameters of the underwater single
column hull model.

Parameters Dimensions

Outer diameter, D (mm) 36.0
Inner diameter, d (mm) 32.5
Length, L (mm) 126.0
Displacement, D (kg) 0.104
Mass, m (kg) 0.060
Slenderness ratio, a* 3.5

Note: Slenderness ratio, a* = L/D.
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water view. The videos recorded by the cameras were then con-
verted into a sequence of still images to determine the
effectiveness of water ingress generated with- and without the
self-healing mechanism.

2.1. Case matrices

As shown in Figs. 4, 5 and Table 2, the experiment for an under-
water column hull model of URV was conducted for five different
cases, which were Case I – leak-hole at different locations, Case II
–leak-holes with different size, Case III – effects of top and bottom
holes, Case IV - side leak-holes at different locations with SAP layer
as self-healing mechanism, and Case V – top leak-hole with SAP
layer with different thickness. In general, the first three cases were
referred to as a setting of URV’s hull model without self-healing
mechanism.

2.1.1. Flooding test of URV’s hull model without SHM
In Case I, a leak-hole of a round shaped with diameter of 1/3 D

(where D is an outer diameter of the column hull model) was set
with lengths of 0.127 L, 0.365 L, and 0.603 L (where L is a length
of the column hull model), respectively, from the bottom of the
model. The sensitivity of leak-hole location, h for inflow of water
mass, m was then studied. On the other hand, different locations
of 0.127 L, 0.365 L, and 0.603 L were determined based on certain
limited states. Leak-holes might be due to collision, corrosion or
fatigue failures. In Case II, three different leak-hole sizes of 1/6 D,
1/4 D, and 1/3 D had been investigated. Later in Case III, the
amount of inflow of water mass was determined when the leak-
hole was set at top or the bottom of an underwater column hull
model. The distance from the centre of the leak-hole to the centre
of the underwater column hull model was 0.22 D in Case III.

2.1.2. Flooding test of URV’s hull model with SHM in the hull structure
Case IV and Case V cater for an underwater column hull model

of the URV with self-healing mechanism. In both cases, the hull



Fig. 4. Leak-holes arrangement of damaged underwater column hull model for (a) Case I – different locations of leak-holes (B–D), (b) Case II – different sizes of leak-holes (E–
G), (c) Case III – leak-holes at the top and the bottom (H and I), (d) Case IV – side leak-holes at different locations with SAP layer (J–L), and (e) Case V – top leak-hole with SAP
layer with different thickness (M and N).
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structure of the column model was modified to include a self-
healing mechanism as a composite layer. An inner wall, which
was made of prospect acrylic plate, was added in the column hull
model. The leak-holes were fabricated on the inner wall accord-
ingly to form a channel for air/water exchange.

A superabsorbent polymer (SAP), which has hydrophilic proper-
ties and is able to expand in volume, was filled into the space in
between the outer wall and inner wall of the modified hull struc-
ture, as shown in Fig. 5. In order to observe the process of water
ingress, the composite layer of the underwater column hull model
was constructed from a transparent prospect acrylic. The combined
layers across the hull wall were located at the right angle of obser-
vation so that the changes of self-healing mechanism could be
recorded. A kind of advanced polymer materials, sodium polyacry-
late, was chosen as the SAP material in this research. The proper-
ties of sodium polyacrylate are shown in Table 3. In Case IV, SAP
layer with thickness of 1/18 D was added as the self-healing com-
posite layer, whereas in Case V, two different thicknesses of SAP
layer, which were 1/18 D and 1/9 D, respectively, had been studied.
It was expected that the new buoyancy for a column hull with a
self-healing mechanism, BSH should be larger than the one without
a self-healing mechanism BN. The recovery buoyancy, RB is defined
in Eq. (5) as:

RB ¼ BN � BSH ð5Þ
3. Water-tightness condition without SHM

3.1. Sensitivity of location of leak-hole

The results for the underwater column hull model without self-
healing mechanism are presented in Fig. 6 and Table 4. For Case I
and Case III, it was found that the new equilibrium of water level
1999
of the inflow of water mass into the column model depended on
the height of the leak-hole.

Table 4 shows the flow ofwater into the underwater column hull
model under conditions of B, C, D, G, and I. Water stopped flowing
into the column hull model when the pressure of the remaining
air entrapped inside themodelwas in equilibriumwith the pressure
of water at the leak hole [33]. On the other hand, the water did not
flow in under condition H, in which the leak hole was located on the
bottomof themodel. The percentage of buoyancy loss caused by the
ingress ofwater into the columnhullmodelwith respect to the posi-
tion of the leak-hole was observed in both Cases I and III. The losses
of buoyancy under conditions H, B, C, D, and I (from the bottom to
the top of the column hull model) were 0.0%, 21.2%, 45.2%, 70.2%,
and 100.0%, respectively, as shown in Fig. 7. It is noteworthy that
in this experiment, the submerged position of the damaged column
hull model in the calmwater was kept vertical due to the absence of
wave and current. The existence of wave and current could have
caused further inclination of the column hull model, hence allowing
the entrapped air volume inside the column to be further dis-
charged.Meanwhile for I condition, since the density of air is lighter
than water, it makes the air become easier to release out, hence the
water starts to fill in until the damaged URV is totally submerged.
The higher location of the leak-hole required a longer duration for
the water level to reclaim its new equilibrium state [34]. The time
to reach a new equilibrium state under conditions H, B, C, D, and I
were 0 s, 3 s, 5 s, 9 s, and 10 s, respectively.

3.2. Sensitivity of size of leak-hole

In Case II Condition E, there was no water flowing into the dam-
aged underwater column hull model when the diameters of leak-
hole were 1/6 D. A possible reason is the absolute sizes of this
leak-hole were too small, thus surface tension of the water around
the leak hole [35] had sufficient strength to resist the air/water



Table 2
Parametric case study of the underwater column hull model.

Case Condition Location of leak-hole lowest edge from bottom, h Size of leak-hole, d Thickness of SAP layer, T Mass ratio of SAP/Column (%)

I B 0.127 L 1/3 D – –
C 0.365 L 1/3 D – –
D 0.603 L 1/3 D – –

II E 0.127 L 1/6 D – –
F 0.365 L 1/4 D – –
G 0.754 L 1/3 D – –

III H 0.000 L 1/3 D – –
I 1.000 L 1/3 D – –

IV J 0.127 L 1/3 D 1/18 D 1.4%
K 0.365 L 1/3 D 1/18 D 1.4%
L 0.603 L 1/3 D 1/18 D 1.4%

V M 1.000 L 1/3 D 1/18 D 0.6%
N 1.000 L 1/3 D 2/18 D 0.8%

Note: L = length of column hull model; D = outer diameter of column hull model.

Fig. 5. Structural arrangement of the underwater column hull model for (a) conditions B-G, (b) conditions H and I, (c) conditions J, K, and L, and (d) conditions M and N.

G. Ma, Muhammad Hanis Kamaruddin, Hooi-Siang Kang et al. Ain Shams Engineering Journal 12 (2021) 1995–2007
exchange. It is apparent from this result that this force is balanced
by the pressure difference, DP , between the internal pressure (at-
mospheric pressure), and the external pressure that acting over
2000
the circular area. Since findings of surface tension are mostly based
on empirical study, further experimental investigation is highly
required in future works.



Table 3
Properties of sodium polyacrylate.

Form Powder (Free-flowing granular)
Crosslinking Cross-linked
Particle Size 90–850 m
Density 0.54 g/mL at 25 �C
Formula C5H7NaO3

Formula weight 94.04 g/mol
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4. Water-tightness condition after incorporation of SHM

As previously mentioned in Introduction section, the applica-
tion of SHM in wet environment is still less in number. Henceforth,
the study of the effect of SAP on the amount of water inflow into
damaged URV was observed through the experiment conducted.
The results of an underwater column hull model with self-
Fig. 6. Underwater view of the flooded compartment of the underwater colum

Table 4
Results of damaged underwater column hull model without self-healing mechanism.

Case Condition Inflow of water mass, l (kg) Percentag

I B 0.022 21.2%
C 0.047 45.2%
D 0.073 70.2%

II E 0.000 0.0%
F 0.000 0.0%
G 0.088 84.6%

III H 0.000 0.0%
I 0.104 100%

2001
healing mechanism are presented in Fig. 8 and Table 5. For both
Cases IV and V, the self-healing composite layer could significantly
stop the ingress of water into the column hull model. The process
of water absorption by SAP was stopped when this material
became partly swollen. The swollen sodium polyacrylate blocked
the leak-hole, causing water-tightness effect across the leak hole
of the damaged underwater column hull. Water stopped flowing
into the column hull model when the SAP absorbed a certain
amount of the inflow of water and expanded in volume until fully
blocking the leak-hole. A new equilibrium state was formed in
between the remaining entrapped air inside the column hull model
and the pressure of water located just outside the leak hole, where
these two fluids were separated again by an aqueous-swellable
SAP. The losses of buoyancy under conditions J, K, L, M, and N were
5.8%, 8.7%, 10.6%, 21.2%, and 16.3%, respectively. This is because,
the closer hole to the bottom of the damaged URV tends to have
higher hydrostatic pressure, and the velocity of water inflow rate
n hull model without self-healing mechanism in a new equilibrium state.

e of buoyancy loss, b Time taken to reach new equilibrium state, t (s)

3
5
9
0
0
10
0
10



Fig. 7. Percentage of buoyancy loss of the damaged underwater column hull model without self-healing mechanism.

Fig. 8. Underwater view of the flooded compartment of the underwater column hull model with a self-healing mechanism at in new equilibrium state.
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Table 5
Results of damaged underwater column model with self-healing mechanism.

Case Condition Inflow of water mass, l (kg) Percentage of buoyancy loss, b Time taken to reach new equilibrium state, t (s)

IV J 0.006 5.8% <1
K 0.009 8.7% <1
L 0.011 10.6% <1

V M 0.022 21.2% 5
N 0.017 16.3% 6
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is slower for J, K and L condition. As the water inflow rate is low,
the absorption rate by SAP will become faster, and the damaged
hole will be blocked by the swollen SAP. It is noteworthy that in
both Cases IV and V, the flooding water had been successfully
blocked by the SAP composite layer from flowing across the leak-
hole into the inner air compartment. The excellent accomplish-
ment in the SAP implementation can be observed from the big
gap difference between I and M/N condition. Both conditions were
conducted at the same damaged hole location (at the top of the
URV), but the differences are the length of the compartment to
occupy the SAP. The damaged URV in condition I is totally sub-
merged because no SAP was implemented. Meanwhile in condition
M/N, both conditions only allow a little amount of water to fill in,
and managed to block the water entry in a swift response. Besides,
the most important part is the damaged URV can maintain their
positioning due to the recovery buoyancy.
4.1. Morphology of SAP

To demonstrate the improved properties of the SAP and its suit-
ability for use in marine industry, the morphology of SAP matrix
before and after swelling was examined by using scanning electron
microscope (SEM). Furthermore, SEM analysis was used to deter-
mine the average particle sizes and porous distribution [36]. The
porous structure of SAP is shown in from Fig. 9(a) and (b) where
Fig. 9. SEM images of (a, b) SAP and (c, d) SAP after swe
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irregular pores were distributed across the structure. The porous
structure increased the surface area and allowed the absorption
of high amounts of liquid. Fig. 9(c) and (d) show the surface mor-
phology of SAP after water absorption. The porous structure was no
longer visible in the intercalated structure of SAP. This finding
shows a good comparison with Mahon et al.’s research [37], as
the SAP was having a wider pore-size distribution and it tends to
be more porous structure as shown similarly in Fig. 9(c) and (d).
The swelling performance of the SAP could be determined by its
pore size distribution.
4.2. Recovery of buoyancy

The time to reach a new equilibrium state under conditions J, K,
and L were all less than 1 s, but were 5 s and 6 s under conditions
M and N, respectively. Since a certain amount of the inflow of
water was absorbed by the SAP to trigger the self-healing mecha-
nism, the total final payload was increased accordingly. After cer-
tain volume of absorbed water by SAP had been converted into
equivalent buoyancy loss, the recovery percentage of the buoyancy
could be obtained. The recovery of buoyancy, RB, calculated from
the difference of condition without self-healing mechanism to a
condition with self-healing mechanism, were J/B = 15.4%, K/
C = 36.5%, L/D = 59.6%, and M/I = 78.8%, when the thickness of
the SAP composite layer was 1/18 D. Again, the underwater posi-
lling with different magnifications (20� and 500�).
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tion of the damaged column hull model was kept vertically in calm
water without the presence of wave and current in this
experiment.
4.3. Swelling rate

It is interesting to note that the swelling rate of the SAP implied
a proportional relationship to the height of the side leak-hole
under conditions J, K, and L. Lower position of the side leak hole
led to lesser amount of absorbed water by the SAP to fully block
the leak hole and reclaim equilibrium state. This finding was con-
sistent with the results of both M and N conditions, where the leak-
hole was located at the top of the hull model. A small amount of
flooding water was captured inside the air compartment of the
underwater column hull model in both M and N conditions before
the leak-hole could be fully blocked by the self-healing mechanism
of the SAP composite layer.

This phenomenon could be due to the pressure gradient across
the hull wall, which varied along with the height of underwater
column hull. The inner air pressure inside the air compartment
remained identical regardless of the position, whereas the outer
hydrostatic pressure varied with respect to the submerged depth
[38]. From the results of the experiment, it was found that the
air/water exchange rate at the lower part of the column model
was gradually lower than the one at the upper part of the column
model. Hence, the air on the lower side of the compartment was
assumed facing larger resistance to escape through the leak-hole.
Since the air/water exchange rate increased from the bottom to
the top, as found in this experiment, a bigger volume of the ingress
of water flowed in at the upper part of the column hull model and
absorbed by the SAP before the passage was fully blocked. A fur-
ther experimental investigation to study the correlation of a swel-
ling rate of the SAP materials with respect to the leak-hole position
is highly required in the future works.
5. Empirical formulation for buoyancy recovery

In general, the self-healing mechanism was able to retain the
majority of the underwater column hull model buoyancy by block-
Fig. 10. Changes of buoyancy force acco

2004
ing the leak-hole within a very short period (from 1 to 6 s in the
experiment). Fig. 10 shows the results of the remaining buoyancy
of the damaged underwater column hull models in all experimen-
tal cases. The recovery buoyancy of the underwater column hull
models with self-healing mechanism (Cases IV and V) was consid-
erably higher than the buoyancy force retained in the damaged col-
umn hull model without self-healing mechanism (Case I). On the
other hand, for the leak-hole located at the top of the underwater
column model (Case V), it was observed that with thicker layer of
self-healing SAP composite, the buoyancy recovery from damaged
underwater column hull structure was higher. Fig. 11 shows a
curve fitting result for the remaining buoyancy force inside the
damaged underwater column hull model. By knowing that h was
the position of the lowest edge of the leak-hole from the bottom
of the column hull model, the characterized new buoyancy for a
column hull without self-healing mechanism, BN and for column
hull with a self-healing mechanism, BSH can be defined in Eq. (6) as:

BN ¼ 40:51h2 � 139:41hþ 98:62
BSH ¼ �15:64h2 þ 0:53hþ 94:10

for 0 6 h 6 1L

(
ð6Þ
5.1. Reconsideration of damaged stability with SHM

In general, the characterization of self-healing mechanism can
now be predicted by using Eq. (6). It is noteworthy that the BN
curve is generally applicable to a damaged column hull, whereas
the BSH curve can be further modified for other types of SAP. Since
the size of single column URV is always much smaller than that of
conventional underwater submarines, the total allowable buoy-
ancy loss, b during accidental flooding is relatively smaller. Hence,
the BSH curve is an important guideline to investigate the damaged
stability of the URV, although damaged stability for URV is not
compulsory to be investigated since it was unmanned vehicle
operated. However, being able to keep it afloat during a damaged
condition is a favourable option when the cost to recover a sunk
URV is larger, with respect to the exploration depth and the size
of URV, which have been increasing rapidly. An upscaling study
to determine the application in full scale is needed in future works.
A possible challenge in upscaling study is the practicality of SAP,
rding to the location of leak-holes.



Fig. 11. Buoyancy of damaged underwater column hull model with respect to the location of leak-holes.
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thus requires further analysis. The sodium polyacrylate used in this
experiment was able to block progressive flooding from the leak-
hole by its swellable properties in an aqueous medium. This mate-
rial may not be the most suitable or only type of SAP practical for
implementation in marine environment, hence comprehensive
studies on swelling rate, dissolution rate, and strength of cross-
link of other types of SAP are recommended. A newmaterial should
be able to form a typical BSH curve, regardless of different coeffi-
cients, as long as with similar trend as shown in Fig. 11. On the
other hand, the selected SAP shall be subjected to a life cycle
assessment in order to assess the reliability of the material, mate-
rial cost, and total production cost. In addition, the material and
total production cost incurred with the adaptations of the fabrica-
tion system for a full-scale hull with incorporation of SHM layer
shall be assessed accordingly.

6. Conclusions

Experimental studies on the effectiveness of self-healing SAP
composite layer for underwater column hull model of URV have
been carried out. Comparisons between the damaged column hulls,
with a self-healing mechanism and without a self-healing mecha-
nism, respectively, have been evaluated through performing buoy-
ancy loss analyses.

As such, these findings from the implementation of self-healing
SAP are expected to contribute greatly to the safety and durability
to the URV without the high costs of active monitoring. Besides, it
could prolong the lifespan of the damaged URV during the salvage
operation. The main results are summarized as follows:

� New equilibrium of water level of the inflow of water mass into
the column hull model depends on the height of the leak-hole,
in which higher location of the leak-hole requires longer dura-
tion for the water level to reclaim its new equilibrium state.

� The recovery of buoyancy and swelling rate of the SAP are pro-
portional to the height of the leak-hole, where lower position of
the side leak hole means lesser absorbed water by SAP to fully
block the leak hole.

� A self-healing mechanism will help to retain majority of the
underwater column hull model buoyancy by blocking the
leak-hole completely, and eventually stop the water from
2005
flowing into the damage area. Consequently, the damaged
URV could maintain their stability positioning while the swel-
ling SAP is fully blocked the leak-hole.

The self-healing mechanism in the underwater column hull is
promising for the model scale. However, in this study, the recovery
of buoyancy and swelling rate of the SAP. To fully evaluate the
applicability of the SHM, future works should address more on
the effect of URV under complex dynamic behaviour, and more
practicality of SAP. Nevertheless, the present study should be use-
ful as it provides a novel concept for further design consideration
of URV.
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