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Abstract. Current data indicate that abnormal waves of great steepness and height are quite common in the World Ocean.
The assessment showed that the probability of a vessel encountering such waves can be quite high. The impact of abnor-
mal waves on sea vessels poses a significant danger to them, since the possibility of a vessel encountering them is not
taken into account during design. The two scenarios of a vessel’s interaction with an abnormal wave are considered. In
the first case, the vessel first hits its trough and then buries itself in the crest (the vessel passes through a “hole” in the
sea). In the second case, the vessel is first exposed to the crest of the abnormal wave, after which it finds itself on its
trough. The vessel dynamics are modeled using the mathematical apparatus developed by the author, including a modi-
fied system of equations for the vessel’s longitudinal roll, which allows taking into account the vessel’s behavior in bur-
rowing conditions. The case of the appearance of one wave of abnormal height, sharply standing out against the back-
ground of the surrounding waves, is considered, while the height of the abnormal wave varied. An assessment of the
magnitude of hydrodynamic effects on the bow end during interaction with the abnormal wave is made. The study
showed that the first of the considered scenarios represents the greatest danger to the vessel. An analysis of the efficiency
of the new design of the bow end developed by the author, which has a cylindrical shape and is equipped with a cylindri-
cal bulb attachment, is carried out. It is shown that during interaction with an abnormal wave, this technical solution al-
lows to significantly reduce the magnitude of the hydrodynamic load and increase the safety of the vessel.
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Hayunas craTes

OueHka ruIpoAUHAMUYECKUX BO3ACHCTBUH HA CYIHO IIPU BCTpeye
¢ aHOMAJILHOM BOJIHOM

Ilagen Eezenvesuu bypakoeckuil

Kanununepaockuil 2ocyoapcmeenHblil mexHuueckuil yHugepcumen,
Kanununepao, Poccus, paul b@mail.ru

AnHoTanms. CoBpeMeHHbIE JaHHBIE CBUIETENILCTBYIOT O TOM, YTO B MHpPOBOM OKeaHe JJOCTATOYHO 4acTO BCTpeda-
I0TCSI aHOMaJIbHbIE BOJIHBI, OTIMYAroNyecs OOJbIION KPYTH3HOH U BbICOTON. BbINosiHEeHHas olieHKa MOATBEpIMIa,
YTO BEPOSTHOCTH BCTPEUYH CyIHA C TAKIMH BOJHAMH MOXET OBITH BechbMa BBICOKOI. Bo3nelicTBre aHOMaTBHBIX BOJTH
Ha MOpPCKHE CyJa IpeACTaBIIfeT IJIi HUX CYIIECTBEHHYIO ONAcCHOCTb, T. K. BO3MOXKHOCTb BCTPEUH CyJHA C HUMH
HE Yy4YMTBIBAaeTCA MPU NPOEKTUPOBaHUU. PaccMaTpuBaeTcs ABa clieHapHs B3aUMOJICHCTBUS CyZHA C aHOMAJIbHOM BOJI-
HOU. B mepBOM ciydae CyJHO CHavaia MoMaiacT Ha ee MOJOMIBY, a 3aTeM 3apBIBAcTCs B BEpUIMHY (IIPOXOJ CyaHA de-
pe3 «apIpy» B Mope). Bo BropoM ciiydae CyAHO Ha IEpBOM 3Tarie MoJBepraeTcs BO3JICHCTBHIO IPEOHSI aHOMaJIbHOMN
BOJIHBI, IIOCJIE YEro OKa3blBaeTcs Ha ee NojomBe. MoJenupoBaHiue AWHAMUKHA CYAHA OCYIIECTBISETCS
C HMCIOJBb30BaHUEM Pa3pab0OTaHHOTO aBTOPOM MATEMaTHYECKOTO armiapaTa, BKIIOYAIOIIEr0 MOIUPHINPOBAHHYIO CH-
CTeMy YpaBHEHMI MPOAOJIBHON KauKU Cy[Ha, TO3BOJISIONIYIO Y4eCTh OCOOEHHOCTH MOBEACHUS CyIHA B YCIOBHAX 3a-
pbiBaeMocTH. PaccMoTpeH ciydail mosiBieHHsi 0JJHOM BOJHBI aHOMAJIbHOM BBICOTHI, PE3KO BbIIEIsIIONIeiCsS Ha (oHe
OKpYIKAOIIETO BOJHEHHUS, TPH 3TOM BBICOTAa aHOMAIBLHOW BOJHBI BapbHpPOBANAcCh. BBITIONHEHA OIIEHKA BETHYHHBI
THIPOJANHAMHUYECKUX BO3JICUCTBUI Ha HOCOBYIO OKOHEYHOCTh MPH B3aMMOJCHCTBHH C aHOMAJIbHOW BOMHOM. Pe3yib-
TaThl UCCIIEIOBAHMS OIPEISIHIIN, YTO HAUOOJIBIIYIO OTTACHOCTD JAJIsl CyAHA MPEACTABIAET MEPBbIi U3 PAaCCMOTPEHHBIX
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creHapues. [IpoBeneH ananu3 3 QeKTUBHOCTH pa3paboTaHHOI aBTOPOM HOBOW KOHCTPYKLUH HOCOBOWH OKOHEYHOCTH,
HMeIed MUINHAPUIECKYI0 (GOopMy M OCHAIIEHHON LMIMHAPHYECKOH Oynbp0oBOi Hanmenkoil. JlokaszaHo, YTO mpH
B3aUMOJICHCTBUU C aHOMAJIbHOM BOJIHOH JaHHOE TEXHUUYECKOE PEIICHHE MO3BOJIET CYIECTBEHHO YMEHBIIUTD BEJIU-
YUHY THAPOJUHAMUYECKON HArPy3KH U MOBBICUTH O€30MaCHOCTD CyIHA.

KnroueBble cj10Ba: aHOMaJIbHBIE BOJHBI, THIPOJHHAMUYECKAs HATPy3Ka, 3apbIBAEMOCTh B BOJIHY, OTEPS OCTOHUYHBO-
CTH, TTOTEPs IPOYHOCTH, HOBast (hopMa HOCOBOH OKOHEYHOCTH

s uutupoBanus: bypaxosckuii I1. E. OnieHka TuAPOIMHAMUYECKAX BO3ACHCTBUN Ha CYIHO NPH BCTpEYe C aHO-
MabHOU BOHOH // BecTHHK ACTpaxaHCKOTo rocyJapcTBEHHOTo TexHuueckoro yHuepcurera. Cepusi: Mopcekas Tex-
HHKa U TexHonorust. 2025. Ne 4. C. 26-37. https://doi.org/10.24143/2073-1574-2025-4-26-37. EDN STGCGW.

Introduction

One of the most common causes of shipwrecks is
exposure to adverse environmental factors. The impact
of anomalous waves reaching several tens of meters in
height can pose a particular danger. As noted in [1],
the crest of an anomalous wave is often preceded by
a deep trough, known as a “hole” in the sea.

Remote sensing of the World Ocean's surface using
satellites [1] has shown that the occurrence of high-
altitude anomalous waves is not uncommon. The au-

thor assessed the probability P of ship encounters with
anomalous waves [2] based on their characteristics
(M,, M, — mathematical expectations of the half-width
and velocity of anomalies) for actual values
of the anomaly flow intensity density obtained by
scanning the ocean surface [1].

Research materials

The results presented in Fig. 1 indicate that this prob-
ability can be quite high, that is why investigation of the
interaction of an anomalous wave with a ship's hull as it
passes through such a wave is of particular interest.
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Fig. 1. The probability dependence of a vessel encountering
an anomalous wave as a function
of its characteristics [2]

Researchers emphasize that between 1969 and
1994, 22 supertankers were lost due to the impact
of anomalous waves [1, 3]. Thus, we can draw a con-
clusion that the impact of anomalous waves on vessels
is one of the causes of their disappearance and destruc-
tion. Encounters with such waves can lead not only to
the loss of ships due to loss of strength or stability, but
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also to serious damage, resulting in their decommis-
sioning and unscheduled repairs.

For example, the Queen Elizabeth 2 encountered
a 29-meter wave during Hurricane Luis in the North
Atlantic in September 1995. According to the master,
the wave “came out of the darkness” and “looked like
the White Cliffs of Dover” [4]. The ocean liner was
reported to have attempted to “ride” the near-vertical
wave to avoid sinking.

Figure 2 shows the effects of anomalous waves on the
Norwegian tanker Wilstar in the Agulhas Current [1, 5].

Fig. 2. Damage to the bow
of a large vessel caused by rogue waves

The cruise ships MS Bremen and MS Caledonian
Star, both registered in the Bahamas, encountered 30-
meter anomalous waves in the South Atlantic in 2001 [4].
The bridge glazing on both vessels was broken, and all
electrical power and instruments were disabled.

To prevent the catastrophic impact of anomalous
waves on seagoing vessels, it is advisable, whenever
possible, to avoid areas with a high risk of anomalous
wave generation. Such areas include, for example, the
Agulhas Current zone off the coast of Africa. However
the difficulty to implement this approach consists in
the fact that the fundamental possibility of such waves
occurring exists practically in all seas and oceans [1].

Anomalous waves have been recorded not only in
the Pacific, Indian, and Atlantic Oceans, but also in
relatively limited waters such as the Black and North
Seas. Therefore, it is necessary to forecast the occur-
rence of anomalous waves using specialized methods,
which, however, are not yet fully ready for practical
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application. One method is based on the modulation
instability index (BFI), which characterizes favorable
conditions for the occurrence of anomalous waves.
Data on this index is currently being provided by
weather forecasting centers [6] but its use is connected
with difficulties and intensive research is currently
underway in this area.

A method [2] can also be used to assess the likeli-

hood of ships encountering anomalous waves. This
method allows to assess the risk of this extreme situa-
tion using satellite-based ocean surface scanning data.
Figure 3 shows the results of wave height measure-
ments taken from the Draupner platform. It can be seen
that two troughs are located near the highest wave crest.
However there are some cases when the depth of the
trough is significantly greater than in the case presented.
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Fig. 3. Results of “New year wave” measurements from the Draupner platform [1]

In view of the above, the development of a computa-
tional methodology for modeling vessel interaction with
an anomalous wave is of significant practical interest, as
presented in this article. Two scenarios of vessel-wave
interaction are considered: in the first case, the vessel
initially encounters the trough of the anomalous wave
(the vessel's passage through a “hole” in the sea), while
in the second, it encounters the crest. This issue is dis-
cussed in more detail in the next section of the article.

A series of studies conducted by the author, aimed at
studying the hydrodynamic forces acting on the bows
of traditionally designed vessels, has shown that as the
bow digs in a wave, normal hydrodynamic pressure
develops on the deck, which results in a reset
of the metacentric height, a hydrodynamic heeling mo-
ment leading to vessel capsizing, and a transverse force

leading to vessel rotation. When interacting with ab-
normal waves, these forces increase significantly, ulti-
mately leading to the vessel's demise due to loss of sta-
bility or strength. In the latter case, the bow may be torn
off due to the additional bending moment generated by
the hydrodynamic force, or the stern may break free
from the water when the vessel pitches forward in the
wave, or the hull may break into three pieces.

To eliminate the negative effects associated with tra-
ditional bow designs, the author has developed a new
bow design [7] that is free of these disadvantages (Fig. 4).
The following notations are used in the figure:
1 — main section of the bow; 2 — bulb attachment;
3 — transition section of the bow. In the proposed design,
both the main section of the bow and the bow bulb are
formed as straight circular cylinders with parallel axes.

Fig. 4. Bow design reducing hydrodynamic loads:
a — general view of the bow; b — cross-section of the main hull; ¢ — cross-section of the bow bulb
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When the bow of this design digs in a wave, a re-
storing hydrodynamic moment develops on it (rather
than a heeling moment, as with a traditional design).
Furthermore, the magnitude of the lateral hydrody-
namic force tending to turn the vessel is significantly
reduced, as is the normal pressure that zeroes the met-
acentric height.

Research methods

We will model the dynamics of a vessel exposed to
an anomalous wave using the computational method-
ology presented in [8]. This methodology is based on
a system of longitudinal motion equations [9], modi-
fied to account for the specific interactions of a vessel
with a wave when its bow is digged into the water [8].
We will limit our consideration to the case where the
vessel is moving against a head-on wave that we will
assume to be two-dimensional. Figure 5 shows the
profile of the anomalous wave against the background
of surrounding waves, obtained from satellite scanning
of the ocean surface [1]. As the figure shows, the
waves are irregular, which somewhat complicates the
modeling of the vessel's dynamics.
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Fig. 5. Results of anomalous wave measurements [1]

To simplify the analysis in this article, we will
study the vessel's dynamics under regular wave condi-
tions, against which a single wave of anomalous height
appears (Fig. 6).

(1), m

10 A

A\ \ /)
/ \J V

Fig. 6. Calculated wave profiles: a — the vessel initially encounters the trough or e anomalous wave;
b — the vessel initially encounters the crest of the anomalous wave

It can be seen that the calculated wave used to
model the vessel's dynamics (Fig. 6) generally reflects
the nature of the water level change during the for-
mation of an anomalous wave, while ignoring the ir-
regular nature of the surrounding waves. The influence
of wave irregularity on the dynamics of the vessel's
interaction with the external environment during the
occurrence of anomalous waves can be considered
using the same approaches, taking into account profes-
sor S. N. Blagoveshchensky's recommendations for
modeling vessel dynamics in irregular waves [10].

In accordance with the above, we will consider the
behavior of a tanker with a length of L = 168 m under
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regular oncoming waves, initially assuming a wave-
length A equal to the vessel's length. Let's denote the
wave height for a regular wave as h. We will model
a situation where, among waves of the same height h,
a single anomalous wave of height H appears. The
corresponding wave profile is shown in Fig. 6 for the
case of H/ h =4and h =6 m. As noted above, we will
consider two scenarios of vessel interaction with the
anomalous wave. In the first case, the vessel first en-
counters the trough of the anomalous wave and then
the crest; in the second case, the vessel is initially im-
pacted by the crest of the anomalous wave. To evalu-
ate the effectiveness of the proposed design [7], we
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will conduct a comparative analysis of the behavior
of vessels with a traditional and new bow shape.

It should be noted that other scenarios of vessel in-
teraction with an anomalous wave are also of signifi-
cant practical interest, in particular, the impact of such
a wave on the side of the vessel [11]. However this
issue should be the subject of a separate independent
study and is not further considered in this paper.

Results of modeling the interaction of a vessel
with a traditional bow with an anomalous wave ap-
proaching from the wave trough (passing through
a “hole” in the sea)

Let's first consider the case where the vessel's in-
teraction with the anomalous wave begins with its im-
pact with the trough (Fig. 6, a). The calculation results
are presented in Fig. 7-9. Fig. 7 shows the change in the
vessel's position relative to the rough sea surface. It can
be seen that as a result of the bow of the vessel digging
itself in the water under the influence of the anomalous
wave, the stern of the vessel practically emerges from
the water (Fig. 7, h—k). This leads to a sharp reduction in
the supporting forces in the area of the stern end, which
can lead to its separation, since the loss of two or three
theoretical frame spacings leads to the occurrence
of a significant bending moment in the vessel's hull [12].
In this case, the method presented in [12] can be used to
calculate the overall strength.

Figure 8 presents the calculated results of the hy-
drodynamic force Py acting on the bow end during the
interaction of the vessel with an anomalous wave. The
results are reduced to dimensionless form by dividing
the above force by the vessel's displacement D. The
figure presents a series of graphical dependencies for

a range of H / h values, i.e., for various values of the
ratio of the anomalous wave height to the height
of other waves.

It is evident that the abnormal wave height has
a significant impact on the magnitude of the hydrody-
namic force. Thus, the maximum hydrodynamic force
ath =4 mis approximately P, =0.11 (Fig. 9), and when

the wave height doubles (Fig. 8), the hydrodynamic
force reaches a value of B, =0.43, i.e., increases almost

fourfold. It should be noted that with such a load acting
on the vessel's deck at the bow, a drop in the transverse
metacentric height and a sharp transformation of the
vessel's static stability diagram are observed [13, 14]. As
shown in [13, 14], the vessel is unable to withstand the
effect of such loads, even if its stability complies with
regulatory requirements [15]. Therefore, if a vessel en-
counters the extreme situation described above, involving
the impact of an abnormal wave, it will be destroyed ei-
ther by loss of strength or by capsizing.

Summary graphs are presented in Fig. 9, which
shows the maximum values of the hydrodynamic force
generated by the impact of an abnormal wave on
a vessel.

As shown in Fig. 9, doubling the wave height
h from 4 to 8 m leads to a fourfold increase in hydrody-
namic pressure p, from 0.11 to 0.43 ath/ H = 5. For

h / H = 4, the hydrodynamic force P, also increases

almost fourfold, i.e. from 0.074 to 0.28. For other values
of h / H, a more significant increase is observed, and for
h / H = 1, no hydrodynamic force is generated at the
bow due to the lack of burying.

d

Fig. 7. The change in the position of the vessel when interacting with an anomalous wave over time t
ath=8mandH/h=4:a-15s;b-205s;c—-22s;d—-23s
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k I
Fig. 7 (ending). The change in the position of the vessel when interacting with an anomalous wave over time t

ath=8mandH/h=4:e-245s;f-25s;9-265s;h—27s;
i—28s;j—2855;k—295s;1-30s
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Fig. 8. Hydrodynamic force acting on the vessel's deck at the bow of a traditional design when interacting
with an anomalous wave at h = 8 m passing through a “hole” in the sea
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Fig. 9. Dependence of maximum hydrodynamic force values on wave height for a vessel
with a traditional bow passing through a “hole” in the sea

Results of modeling the interaction of a vessel with  marily interacts with the crest of the anomalous wave
a traditional bow design with an anomalous wave (Fig. 6, b). The vessel's positions in the wave are
when the vessel approaches from the wave crest shown in Fig. 10.

Now let us consider the case where the vessel pri-

P

\% =7

h
9

Fig. 10. Change in the position of the vessel when interaction with an anomalous wave over time t
ath=6mandH/h=4:a-13s;b-15s;¢c—17s;d—19s;e—21s;f-23s;,9-25s;h—-275s
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Fig. 11, 12 present the calculated hydrodynamic
forces for the vessel's interaction with an anomalous
wave. It is evident that this scenario of interaction with
an abnormal wave, in which the vessel first hits its
crest, results in the maximum hydrodynamic force
acting on the bow being somewhat lower than for the
case considered in the previous section of the article.

Thus, at H / h =5, the maximum hydrodynamic deck
pressure p, decreases from 0.43 to 0.23, i.e., by al-

most half. For H / h = 4, the maximum hydrodynamic
deck pressure P, decreases from 0.28 to 0.16, and for

H/h=3, from0.16 to 0.11.
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Fig. 11. Hydrodynamic force acting on the vessel's bow of a traditional design deck during interaction
with an anomalous wave at h = 8 m when the vessel approaches from the wave crest
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Fig. 12. Dependence of maximum hydrodynamic force values on wave height for a vessel
with a traditional bow when the vessel approaches from the wave crest

As can be seen from Fig. 11, when the vessel en-
ters an abnormal wave from the crest, two peak values
of hydrodynamic force are observed, approximately
equal in magnitude. This is explained by the fact that
after passing the crest and trough of the anomalous
wave, the bow buries itself in the crest of the next
wave (Fig. 10, g). In this case, the maximum trim an-
gle of the vessel increases slightly, compared to what
occurs when the vessel passes an anomalous wave
from its trough.

Nevertheless, despite the presence of two peaks

33

and a slight increase in the vessel's maximum trim
angle, a significant decrease in the hydrodynamic force
is observed. This suggests that this scenario of vessel
interaction with an anomalous wave poses less
of a hazard than the passage of an anomalous wave
from the side of a “hole” in the sea; however, even in
this case, the vessel may be destroyed due to loss
of strength or stability.

To assess the overall strength of a vessel's hull under
the influence of an anomalous wave, one can use the
methodology [12, 16], according to which, in the case
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of the stern end emerging from the water, the bending
moment at the midships is calculated as for a rigidly
clamped console loaded with a weight load. For theoret-
ical frames that are not completely out of the water,
residual support forces must be taken into account.

The analysis has shown that when the bow is entan-
gled in an anomalous wave, bending moments arise in
the vessel's hull that significantly exceed those deter-
mined using traditional approaches [17, 18]. This makes
it impossible to assess the overall strength of the vessel's
hull in such a situation using approaches based on the
vessel's positioning in the design wave. It should be
noted that the bending moment peak is located approx-
imately one-third of the vessel's length from the bow
perpendicular. Moreover, according to [17], the hull
cross-sectional characteristics in this region begin to
decrease compared to the midship section. This circum-
stance indicates the possibility of the vessel's bow being
torn off during its interaction with the anomalous wave.

Improving navigation safety in conditions im-
pacted by abnormal waves

As noted above, one way to improve vessel safety
when exposed to abnormal waves is to use design
solutions aimed at reducing the hydrodynamic forces
and moments acting on the vessel during wave inter-
acttion [7, 13], and, in particular, the new bow design
shown in Fig. 4. It should be noted that these design solu-
tions were developed to improve vessel safety in storm
conditions without taking into account the impact of ab-
normal waves, so it is of interest to conduct a compara-
tive analysis of their effectiveness in similar conditions.

Let us consider the effectiveness of the new stream-
lined bow design (Fig. 4) when a vessel interacts with
abnormal waves. A previous study [19] showed that, in
conditions of developed head seas, this design allows
for a significant reduction in the hydrodynamic forces
and moments acting on the bow when it burrows into the
wave. The modeling results are presented in Fig. 13, 14.
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0,02 W=7
Hih=1
A
0 10 20 30 40 50 ‘s

Fig. 13. Hydrodynamic force acting on the deck of a vessel at the bow of a new design [7]
when interacting with an anomalous wave ath =8 m

It is evident that the use of the new bow design [7]
allows for a significant reduction in the magnitude
of hydrodynamic effects. Thus, for the highest wave
height studied, a nearly fourfold reduction in hydrody-
namic force p, is observed, from 0.43 to 0.105. At

lower wave heights, the reduction in hydrodynamic load
is even more significant. Thus, at h = 8 m and
H/h =3, the indicated force P, decreases from 0.16 to
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0.017, i.e. by almost an order of magnitude.

It should also be noted that when the water flow past
the bow [7] when it is digged into a wave, the hydrody-
namic moments developing on it are righting at virtually
all heel angles and heading angles. This means that with
this design, the hydrodynamic moment will tend to re-
turn the vessel to an upright position, which is a signifi-
cant advantage compared to a traditional design.
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Fig. 14. Dependence of maximum hydrodynamic force values on wave height for the new bow design

Thus, the effect of using the new design is quite
significant; however, with a large anomalous wave
height, the hydrodynamic effects on the bow remain
quite significant. Furthermore, only the scenario of an
anomalous wave impacting the bow while sailing in
headwater waves was considered above.

At the same time, the impact of an abnormal wave
on the side of a vessel also poses a significant risk,
potentially causing it to capsize. Therefore, even if
ship designs are improved to increase their ability to
withstand abnormal waves, wave forecasting capabili-
ties will play a crucial role in minimizing the likeli-
hood of ships encountering them.

Conclusion

1. To improve navigation safety, it is necessary to
improve wave forecasting capabilities.

2. The likelihood of abnormal waves and ship en-
counters with them is quite high, and ignoring their
existence when designing ships and other marine
equipment, as well as when assessing navigation safe-
ty, can lead to serious consequences. However, the
possibility of interaction with abnormal waves is cur-
rently not considered when designing ships. The issue
of taking into account the impact of such waves when
assessing the strength and stability of vessels is being
considered by specialists in a number of countries;
however, it is still far from being fully resolved. Ac-

cordingly, the current strength and stability require-
ments of classification societies do not include proce-
dures for verifying the safety of vessels when exposed
to such waves.

3. A methodology is proposed for simulating the
impact of an abnormal wave on a vessel when the ves-
sel is moving against the waves. It is noted that for
a vessel with a traditional bow design, the magnitude
of the hydrodynamic forces is sufficient to capsize the
vessel or destroy its hull.

4. It is shown that the greatest danger is posed by the
interaction of a vessel with an abnormal wave when it
first hits its trough and then burrows into the wave crest
(the vessel's passage through a “hole” in the sea).

5. The dynamics of the interaction of a vessel with
a new bow design [7] with an abnormal wave are ex-
amined, and the effectiveness of this design is demon-
strated. In the considered range of wave heights, a load
reduction of four times or more is observed compared
to a traditional design.

6. The developed model allows one to describe the
vessel's dynamics when encountering an abnormal
wave, which, together with the apparatus for predict-
ing a vessel's encounter with such a wave [2], can be
used in the overall strength and stability control units
of the onboard intelligent system [20] to develop opti-
mal vessel control solutions for improving its safety.
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