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a b s t r a c t

International Maritime Organization (IMO) have recently discussed the technical problems related to the
second-generation intact stability criteria of ships. The second-generation intact stability criteria refer to
five modes of vulnerability when the ship sailing in the ocean. In this study, we described a method to
verify the criteria of the surf-riding/broaching. In case that Lv1 (Level 1) vulnerability criteria is not
satisfied based on the relatively simple calculation using the Froude number (Fn), we presented the
calculation procedure for the Lv2 (Level 2) criteria considering the hydrodynamics in waves. The results
were reviewed based on the data for given previous ships. In absence of ship-specific data, a similar Lv2
result was confirmed by comparing the result obtained by calculating the added mass with the case
where the added mass was 10% of the ship mass. This result will contribute to basic ship design process
according to the IMO draft regulation.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In order to ensure sufficient safety of the ship, the International
Maritime Organization (IMO) have discussed the second-
generation intact stability criteria for five stability failure modes
including pure loss of stability, parametric roll, surf-riding/
broaching, dead ship condition, and excessive acceleration (IMO
2017a; IMO 2017b). The pure loss of stability refers to a phenom-
enon inwhich the stability of the hull is rapidly decreasedwhen the
midship point of the hull is equal to the wave height. The para-
metric roll refers to a resonance phenomenon that occurs when the
period of a wave incident on the hull is half of the resonance period
of a general rolling. The dead ship condition refers to a phenome-
non caused by a roll that occurs when awave enters from the side of
the hull when the ship's engine fails. The excessive acceleration
occurs in the restoring force due to GM, metacentric height, and the
phenomenon of cargo dropping out of the ship is called excessive
speeding. In this study, the surf-riding occurs when a ship sails in
the following wave, when the speed of the wave and the speed of
the ship are almost the same, or when the ship's stability remains
f Naval Architects of Korea.
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weak while the ship rides the wave in the same situation. The
broaching generates a considerable moment in the yaw direction
when surf-riding continues while the hull in the surge direction
extends over the downward slope. Due to this, it refers to a phe-
nomenon inwhich the hull loses stability in a state where it cannot
be manipulated (Spyrou (2001); Belenky et al. (2011)). The fishing
vessels, high-speed ferry vessels, and naval vessels, which are
mainly small vessels, are vulnerable to maintaining this stability.
The subject of surf-riding has been studied with interest for a long
time (Grim (1951), Ananiev (1996), Makov (1969), Kan (1990),
Umeda (1990), Kuznestov (2004)). Since surf-riding usually occurs
before broaching, the occurrence of surfing is used to formulate the
vulnerability criteria for broaching. The second-generation intact
stability criteria consist of two-step levels. Lv1 (Level 1) is an
evaluation using a simple physical-based vulnerability criterion
using a hydrodynamic dimensionless number, and Lv2 (Level 2) is
an evaluation performed through complex calculations by applying
a mathematical model. The study on the vulnerability criteria of
surf-riding and broaching mode Lv1 and Lv2 was conducted ac-
cording to the following revision of the IMO draft.

∙ IMO 2015a and IMO 2015b: Draft revision of part b of the In-
ternational Standard (IS) code with respect to Lv1 and Lv2
vulnerability criteria for surf-riding/broaching failure modes;
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∙ IMO 2015c and IMO 2016a: Draft commentary explaining the
vessel's vulnerability to surf-riding/broaching failure mode;

∙ IMO 2016b: Opinion on surf-riding/broaching mode Lv2
standard

The Lv1 standard is simply formulated as the Froude number, a
dimensionless number consisting of terms of the length and speed
of the vessel. The Lv2 criterion is formulated by calculating the
critical speed at which surf-riding occurs under arbitrary initial
conditions by wave theory from a probabilistic point of view. The
biggest difference between Lv1 and Lv2 is that the calculation is
performed under conditions in which the ship is affected by waves
in Lv2. Therefore, in this study, if the Lv1 standard of simple
calculation is not satisfied, we present the calculation results of the
previous ships through mathematical modeling and code devel-
opment in order to perform complex calculations of Lv2 standards
in waves based on the most recent draft standard (IMO, 2019a)
recommended by the Sub-Committee on SDC of IMO.
2. Level 1 vulnerability criteria

Under the condition of Eq. (1), the vessel is considered not to be
vulnerable to the surf-riding/broaching stability failure mode.

L > 200m or Fn � 0:3 (1)

where.

Fn ¼ u=
ffiffiffiffiffi
Lg

p
Froude number

u: ship speed (m/s)
L: ship length (m)
g: gravitational acceleration (m/s2)

In the Level 1 standard, the guideline on the Froude number
considers that the surf-riding is likely to occur if the ship's speed(u)
satisfies the conditions as shown in Eq. (2).

uðkontsÞ � 1:8
ffiffiffi
L

p

cosð180� � aÞ (2)

a is the angle of the wave incident on the hull. When a is 0�, it is
a headwave. If a is assumed to be 180� (followingwave), the Froude
number is converted as in Eq. (3).

Fn�1:8$0:5144ffiffiffi
g

p ¼ 0:296z0:3 (3)

Eq. (3) is regarded as the lower limit of the threshold for the
ship's stability state to become a surf-riding condition.
3. Level 2 vulnerability criteria

The formula for calculating the Level 2 vulnerability criteria was
expressed based on the draft standard (IMO, 2019a) prescribed by
IMO. The calculation procedure consists of four parts of the flow-
chart in Fig. 1 according to the draft standard specified by the IMO.
3.1. 1st part calculation procedure

The first part (Part 1) considers the critical propeller rotation
speed (ncr) corresponding to the equation of surf-riding condition
obtained by the Melinikov method (Maki et al., 2010). Under this
condition, the ship speed (u) is accelerated to be equal to the wave
speed (ci). ncr is calculated through a quadratic equation by the
following parameters.
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∙ Ship's geometric information (mass, section data)
∙ Resistance in calm water R
∙ Propeller thrust Te
∙ Thrust deduction tp, wake fraction wp, propeller diameter Dp

∙ Wave steepness, 0.03 � sj ¼ Hij/l, � 0.15, Ds ¼ 0.0012.
∙ Wavelength to ship length ratio, 1.0 � ri ¼ li/L, � 3.0, Dr ¼ 0.025

The quadratic equation for the critical number of revolutions
(ncr) is shown in Eq. (4).

2p
Teðci;ncrÞ�RðciÞ

fij
þ8a0ncrþ8a1�4pa2þ

64
3
a3�12pa4þ

1024
15

a5

¼0

(4)

where, the ships speed (u) is equal to the wave speed (ci), (u ¼ ci)

Teðci;ncrÞ¼ t0n
2
cr þ t1cincr þ t2c

2
i (5)

RðciÞ¼ r1ci þ r2c
2
i þ r3c

3
i þ r4c

4
i þ r5c

5
i (6)

ci ¼
ffiffiffiffi
g
ki

r
; ki ¼

2p
li
; Hij ¼ sjriL (7)

Each coefficient is as follows.

a0 ¼ � t1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fijkiðM þMxÞ

q (8)

a1 ¼ � r1 þ 2r2ci þ 3r3c2i þ 4r4c3i þ 5r5c4i � 2t2ciffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fijkiðM þMxÞ

q (9)

a2 ¼
r2 þ 3r3ci þ 6r4c2i þ 10r5c3i � t2

kiðM þMxÞ (10)

a3 ¼
r3 þ 4r4ci þ 10r5c3iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k3i ðM þMxÞ3
q ffiffiffiffi

fij
q

(11)

a4 ¼
r4 þ 5r5ci

k2i ðM þMxÞ2
fij (12)

a5 ¼
r5ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k5i ðM þMxÞ5
q ffiffiffiffiffi

f 3ij

q
(13)

where,M is the mass of the ship,Mx is the addedmass of the ship in
the surge direction, and fij is the amplitude of the wave force acting
on the surge direction. The component of the Froude-Krylov force is
given by Eq. (14).

fij ¼ rgki
Hij

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fc2i þ Fs2i

q
(14)

Fci ¼
XN
m¼1

DxmSðxmÞsinðkxmÞexpð � 0:5kidðxmÞÞ



Fig. 1. Calculation process for the vulnerability check of surf-riding/broaching criterion.
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Fsi ¼
XN
m¼1

DxmSðxmÞcosðkxmÞexpð � 0:5kidðxmÞÞ
where.
xm: Longitudinal distance from the center of mass of the ship to
the m-th station [m]
d (xm): Draft at the m-th section in the calm water [m]
S (xm): Submerged area at the m-th station in calm water [m2]
N: Number of stations

The approximate equations of the coefficients t0, t1, and t2 are
calculated as in Eqs. (15)�(17).

t0 ¼ k0
�
1� tp

�
rD4

p (15)

t1 ¼ k1
�
1� tp

��
1�wp

�
rD3

p (16)

t2 ¼ k2
�
1� tp

��
1�wp

�2
rD2

p (17)
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The results of Artyszuk (2003) and experimental data were used
for the thrust deduction (tp) and the wake fraction (wp) in Eqs.
(15)e(17). The approximate coefficients k0, k1, and k2 for propeller
thrust KT(J) are obtained from Eq. (18), which approximates the
KT(J) curve with a quadratic polynomial.

KT ðJÞz k0 þ k1J þ k2J
2 (18)

where, J is advanced ratio.

J¼u
�
1�wp

�
nDp

(19)
3.2. 2nd part calculation procedure

The second part (Part 2) is to calculate the critical Froude
number obtained from the critical ship speed. The critical ship
speed can be calculated from the solution of the equilibrium
equation (Eq. (21)) between the thrust (Te) and the resistance (R).



Fig. 2. Lv1 vulnerability criteria assessment for surf-riding/broaching mode of the
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Fncr ¼ucr
. ffiffiffiffiffi

Lg
p

(20)

where, the critical ship speed (ucr) is the solution of Eq. (21).

Teðucr;ncrÞ�RðucrÞ ¼ 0 (21)

Teðucr;ncrÞ¼
�
1� tp

�
rn2crDp

n
k0 þ k1Jþ k2J

2
o

(22)

RðucrÞ¼ r1ucr þ r2u
2
cr þ r3u

3
cr þ r4u

4
cr þ r5u

5
cr (23)

Depending on the critical Froude number Fncr, C2ij is set to 0 or 1
as shown in Eq. (24).

C2ij ¼
�
1 if Fn> Fncr
0 if Fn � Fncr

(24)

The value of C2ij in Eq. (24) means that 0 or 1 is placed in a
matrix element of size i� j, which is the product of the number of i-
th elements and the number of j-th elements according to the each
interval of the wavelength to ship length ratio ri and the wave
steepness sj.
fishing vessel.
3.3. 3rd part calculation procedure

The third part (Part 3) is composed of the wave steepness sj, the
wavelength to ship length ratio ri, the significant wave height Hs,
and the wave probability distribution weighting function Wij,
which is composed of the zero-crossing wave period Tz. The
calculation formula ofWij is a probability density function based on
the Pierson-Moskowitz (PM) type wave spectrum. This wave
spectrum is a spectrum mainly used in fully developed seas based
on wave data measured in the North Atlantic.
Table 1
Wave case occurrences (IMO 2019a).

Number of occurrences: 100,000/Tz (s) ¼ average zero up-crossing wave period

Tz / 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10

Hs Y

0.5 1.3 133.7 865.6 1186 634.2 186.3 36.9 5.6
1.5 0 29.3 986 4976 7738 5569.7 2375.7 70
2.5 0 2.2 197.5 2158.8 6230 7449.5 4860.4 20
3.5 0 0.2 34.9 695.5 3226.5 5675 5099.1 28
4.5 0 0 6 196.1 1354.3 3288.5 3857.5 26
5.5 0 0 1 51 498.4 1602.9 2372.7 20
6.5 0 0 0.2 12.6 167 690.3 1257.9 12
7.5 0 0 0 3 52.1 270.1 594.4 70
8.5 0 0 0 0.7 15.4 97.9 255.9 35
9.5 0 0 0 0.2 4.3 33.2 101.9 15
10.5 0 0 0 0 1.2 10.7 37.9 67
11.5 0 0 0 0 0.3 3.3 13.3 26
12.5 0 0 0 0 0.1 1 4.4 9.9
13.5 0 0 0 0 0 0.3 1.4 3.5
14.5 0 0 0 0 0 0.1 0.4 1.2
15.5 0 0 0 0 0 0 0.1 0.4
16.5 0 0 0 0 0 0 0 0.1

Wij ¼
4
ffiffiffi
g

p
pn

L5=2T01
H3
s

s2j r
3=2
i

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ n2

p
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ n2

p
!
DrDs exp

0
B@� 2

�
Lrisj
Hs

�2
8><
>:1þ
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where, T01 (¼1.086Tz) and y (¼0.425) in Eq. (25) are constants
defined in the draft IMO standard (IMO, 2019a). C2 in Eq. (26)
consists of the sum of C2ij �Wij.

C2¼
XNl

i¼1

XNa

j¼1

WijC2ij (26)
.5 11.5 12.5 13.5 14.5 15.5 16.5 17.5 18.5

0.7 0.1 0 0 0 0 0 0
3.5 160.7 30.5 5.1 0.8 0.1 0 0 0
66 644.5 160.2 33.7 6.3 1.1 0.2 0 0
38 1114.1 337.7 84.3 18.2 3.5 0.6 0.1 0
85.5 1275.2 455.1 130.9 31.9 6.9 1.3 0.2 0
08.3 1126 463.6 150.9 41 9.7 2.1 0.4 0.1
68.6 825.9 386.8 140.8 42.2 10.9 2.5 0.5 0.1
3.2 524.9 276.7 111.7 36.7 10.2 2.5 0.6 0.1
0.6 296.9 174.6 77.6 27.7 8.4 2.2 0.5 0.1
9.9 152.2 99.2 48.3 18.7 6.1 1.7 0.4 0.1
.5 71.7 51.5 27.3 11.4 4 1.2 0.3 0.1
.6 31.4 24.7 14.2 6.4 2.4 0.7 0.2 0.1

12.8 11 6.8 3.3 1.3 0.4 0.1 0
5 4.6 3.1 1.6 0.7 0.2 0.1 0
1.8 1.8 1.3 0.7 0.3 0.1 0 0
0.6 0.7 0.5 0.3 0.1 0.1 0 0
0.2 0.2 0.2 0.1 0.1 0 0 0

1
n2

0
@1�

ffiffiffiffiffiffiffiffiffiffiffiffi
gT201
2priL

s 1
A2
9>=
>;
1
CA (25)



Table 3
Resistance curve coefficients in Eq. (6).

r1 r2 r3 r4 r5

�7.1811e3 9.8550e3 �3.2678e3 467.8338 �19.0218

Table 4
KT(J) curve coefficients in Eq. (18).

k0 k1 k2

0.2252 �0.2281 �0.1379

Fig. 3. Resistance curve for the fishing vessel (Experiment (IMO 2019b) -B-, Fitting
curve �).
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3.4. 4th part calculation procedure

Finally, the fourth part (Part 4) is to obtain the final calculation
result C by averaging the values of C2 obtained in Eq. (27). In this
case, a weighting factor, W2, composed of a function of the signif-
icant wave height Hs and the zero-crossing wave period Tz is
introduced. If the C value in Eq. (27) is less than RSR (¼0.005), it is
judged that the ship is stable from the surf-riding/broaching
vulnerability criteria. This is the standard set by the IMO, which is
considered to have been set relatively conservatively because it
means the probability of an accident occurring at sea.

C¼
X
Hs

X
Tz

0
@W2ðHs; TzÞ

XNl

i¼1

XNa

j¼1

WijC2ij

1
A�RSRð¼0:005Þ (27)

where, W2 refers to the data in Table 1 provided in the IMO regu-
lations. W2 is obtained from the value in Table 1 divided by
100,000, which is the number of observations.

4. Surf-riding/broaching vulnerability criteria evaluation
calculation

In this study, for the evaluation of Level 1 and Level 2 of the
surfacing/broaching vulnerability criteria evaluation, the calcula-
tions were performed by referring to the data of the fishing vessel
(IMO 2019b), the chemical oil tanker (Lee and Kang 2004), and the
naval ship (Kracht and Jacobsen 1992) in Table 1.

These ships referenced are less than 200 m in length, and in this
paper, the surf-riding/broaching vulnerability assessments are
described in accordance with the detailed calculation procedure for
the fishing vessels (IMO 2019b). According to the given service
speed, the evaluation performed on the surf-riding/broaching
vulnerability criterion Lv1 is shown in Fig. 2. If the Froude num-
ber is 0.3 or less, the section that can maintain the stability of the
ship by passing the surf-riding/broaching Lv1 standard (B, Satis-
fied), and The section ( � , Unsatisfied) that exceeds the Froude
number 0.3 is the section that does not pass the Lv1 criterion, so it
is necessary to perform the calculation for the Lv2 criterion. The
service speed of the fishing vessel is 14 knots corresponding to the
Froude number 0.4. Therefore, the value of C, which is the criterion
for determining Lv2, was calculated according to the procedure for
calculating the Lv2.

Vulnerability criteria presented in Chapter 3. The experimental
data (IMO 2019b) of the resistance force and propulsion curve for
the fishing vessels were approximated by a higher-order poly-
nomial function according to Eqs. (6) and (18), and the approxi-
mated coefficients were obtained and verified in Table 3 and Table 4
through Fig. 3 and Fig. 4. It can be seen that the approximate curve
calculated through the approximate coefficients in Table 2 and
Table 3 agrees very well with the experimental data, and reliability
in calculation can be secured.
Table 2
Previous ships main dimensions (a) Fishing vessel (IMO 2019b), (b) Chemical oil tanker

Parameters (a) Fishing Vessel

Length L (m) 34.5
Breath B (m) 7.6
Draft d (m) 2.65
Block coefficient CB 0.597
Midship coefficient CM 0.8739
Prismatic coefficient Cp (¼CB/CM) 0.683
Displacement D (ton) 425.184
Dp (m) 2.6
Midship section area (m2) 17.6
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Using the coefficients in Tables 3 and 4, the solution of the
quadratic equation for the critical propeller rotation speed (ncr) in
Eq. (4) is obtained. In this process, in order to calculate the Froude-
Krylov force of Eq. (14) acting in the surge direction in the co-
efficients (a0 ~ a5) constituting Eq. (4), it is obtained through the
sectional data of Table 5. The sectional area according to the posi-
tion of the longitudinal section of the fishing vessel is shown in
Fig. 5. It can be seen that the fishing vessel is a relatively slim hull.

The added mass coefficient (Mx) in the surge direction in Eqs.
(8)e(13) was calculated by referring to the potential theory (Zheng
et al. (2004)). Fig. 6 shows the result of calculating the added mass
coefficient according to the wave speed (ci) and wave number (ki).
The added mass coefficient according to the conditions of wave
steepness and wavelength to ship length ratio is between 0.04 and
(Lee and Kang 2004), (c) Naval ship (Kracht and Jacobsen 1992).

(b) Chemical oil tanker (c) Naval ship

120.4 90
20.4 13.5
8.7 3.6
0.796 0.5
0.995 0.806
0.8 0.62
17457.3 2243.623
4.3 3.215
176.5 39.2



Fig. 4. Propeller thrust (KT) curve for the fishing vessel (Experiment (IMO 2019b) -B-,
Fitting curve �).
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0.06, and the width of the change is very small. In the case of the
fishing vessel of Table 2(a), the order of addedmass is considered to
be approximately 4e6%. For fishing vessels, which are generally
small vessels, the CB and L/B values are relatively small. The fishing
Table 5
The local breadth Bx(m), local draught dx(m) and sectional area (m2) are provided below

Sectional data

x(m) Area (m2) Bx(m) dx(m)

�21.65 0 0 0
�20.55 1.85 7.1555 0.4487
�19.45 2.61 7.4162 0.53914
�18.35 3.28 7.57 0.62957
�17.25 3.88 7.57 0.71501
�15.53 5.4 7.5857 1.27505
�13.8 7.82 7.58 3.25501
�12.075 10.4 7.5851 3.175
�10.35 12.8 7.58 3.105
�6.9 16.1 7.57 2.955

Fig. 5. Sectional area according to the longitud
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vessels considered in this study are CB ¼ 0.597, L/B ¼ 4.54. In this
case, in the experiment conducted by Motora (1960), the added
mass coefficient was similar to between 0.03 and 0.07. It affects the
evaluation of the Lv2 vulnerability criteria, which will be compared
in the final calculation results. By substituting the value of ncr ob-
tained in Eq. (4) into Eq. (21), the solution to the equation of 5th
degree in which the critical velocity (ucr) is unknown is calculated,
and the critical Froude number is calculated. According to the
conditions of ri and sj given in Eq. (24), the Froude number of the
ship speed is compared with the critical Froude number to deter-
mine the value of C2ij as 0 or 1. This can be inferred as a critical point
where surf-riding occurs according to a given wave case. Fig. 7
shows the result of showing red points (Surf-riding) when the
value of C2ij is 1, and blue points when the value of C2ij is 0,
depending on the range of wave steepness (ri) and wavelength to
ship length ratio (sj).

From (a) Fn ¼ 0.3 to (d) Fn ¼ 0.33, it can be seen that as the
Froude number increases, the area where surf-riding occurs in-
creases. This means that as the Froude number increases, that is, as
the ship speed increases, the wave wavelength and wave height
have more influence on the probability of surf-riding occurrence.
Finally, based on the spectral function and probabilistic calculation
method of the process of Eqs. (25)e(27), the result of the C value for
the Lv2 vulnerability criteria is shown in Fig. 8 according to the
same range of the Froude number in Fig. 2. When the C value
calculated in Eq. (27) is less than 0.005, it is the case that it passes
the evaluation of the Lv2 vulnerability criteria of surf-riding/
as a function of the longitudinal section position x(m) (IMO 2019b).

x(m) Area (m2) Bx(m) dx(m)

�3.45 17.6 7.59 2.8
0 17.1 7.59 2.65
3.45 15.8 7.6 2.5
6.9 13.8 7.4916 2.355
10.35 10.4 6.4367 2.2
12.075 8 5.3209 2.135
13.8 5.24 3.672 2.045
15.525 2.86 1.9245 1.96
17.25 1.17 0.91 1.79499

inal section position of the fishing vessel.



Fig. 6. The added mass coefficient in surge direction according to (a) wave speed (Ci) and (b) wave number (ki).
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broaching mode, and when it exceeds 0.005, it is the case that it
fails. For verification of the calculation code in this study, it can be
seen that the results are the same in Fig. 8 compared with the result
samples of the 5 cases in SDC/INF.2 (IMO 2019b).

When the added mass (Mx) value in the surge direction cannot
be obtained as shown in Fig. 6 because there is no specific ship data,
Fig. 7. Red points (x, Surf-riding) when the value of C2ij is 1, and blue points (B) when the v
length ratio (sj). (a) Fn ¼ 0.3, (b) Fn ¼ 0.31, (c) Fn ¼ 0.32, (d) Fn ¼ 0.33.
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there has been a proposal to set Mx ¼ 0.1M in SDC/INF.2 (IMO
2019b). Therefore, Fig. 9 is the result of comparing the case of
calculating with Mx ¼ 0.1M with the case of obtaining the added
mass in Fig. 6. In this paper, the calculation results for fishing
vessels were similar to those including the added mass, and the
same results were obtained for other ships in Table 2. Fig. 10 is the
alue of C2ij is 0, depending on the range of wave steepness (ri) and wavelength to ship



Fig. 8. Lv2 vulnerability criteria assessment for surf-riding/broaching mode of the
fishing vessel (Present �, SDC7/INF.2 (IMO 2019b) B, CLv2 ¼ 0.005 —).

Fig. 9. Lv2 vulnerability criteria assessment for surf-riding/broaching mode of the
fishing vessel (C �, C (Mx ¼ 0.1M) B, CLv2 ¼ 0.005 —).
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results of performing the Lv2 vulnerability criteria evaluation in
surf-riding/broaching mode for the three types of ships in Table 2.
The basis for grasping the design characteristics of surf-riding/
broaching mode for each ship can be presented through evalua-
tion based on Lv2 criteria for the section between 0.3 and 0.35 of
the Froude number.
Fig. 10. Lv2 vulnerability criteria assessment (Pass: B, Fail: x) for surf-riding/
broaching mode of the ships in Table 2 (a) Fishing vessel (L ¼ 34.5 m), (b) Chemical
oil tanker (L ¼ 120.4 m), (c) Naval ship (L ¼ 90 m).
5. Conclusion

Recently, International Maritime Organization (IMO) has been
actively discussing technical discussions on the second-generation
intact stability criteria of ships on the Sub-Committee on SDC (Ship
Design and Construction). As waves passes the ship, dynamic roll
motion phenomenon will affect ship stability that may lead to
capsizing. This study focused on surf-riding/broaching, which is
mainly for small ships, among the five modes of the ship stability of
vulnerability currently being discussed (pure loss of stability,
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parametric roll, surf-riding/broaching, dead ship condition, exces-
sive acceleration). If the Lv1 criterion determined by the Froude
number based on the length and speed of the ship is not satisfied,
the Lv2 vulnerability criterion calculation was performed to
perform the complex calculation considering the fluid dynamics in
waves through the mathematical modeling according to the IMO
draft regulation and the code developed based on the given ship
data in this study. The value of C, which is the probability of the
vulnerability criteria for surf-riding/broaching, was calculated. In
summary, detailed calculations were performed based on Lv2 for a
section between 0.3 and 0.4 of the Froude number, which is a case
where the Lv1 criterion was not satisfied with a relatively small
difference in numerical values. The vessel considered in surf-riding
research has a slim shape, which has a small CB value and a smaller
length compared to the wavelength, so it generally has a small
added mass value. The added mass value calculated in this study is
4e6% of the weight of the hull, which is similar to the experimental
results of the previous study. Therefore, by comparing the result of
considering the added mass calculated in the direction of the surge
and the result of assuming the added mass proposed by SDC/INF.2
(IMO 2019b) as 10% in the absence of specific ship data, we obtained
almost the same C value of the Lv2 assessment. Also, we can see
that the results are the same by comparing them with the 5 case
result samples from SDC/INF.2 (IMO 2019b) for verification of the
calculation code. Based on this verified calculation procedure, we
can protect the interests of related national industries interna-
tionally by discussing the technical discussion on the second-
generation intact stability regulations and analyzing the effects of
these regulations on ships through stability calculations using do-
mestic small ship data. It is expected to be effective in establishing
countermeasures that are available domestically, and to prepare
early response strategies for the ship design and ship equipment
industry, which are expected by the entry into force of the regu-
lations. In the future, an in-depth analysis of the results of failing to
satisfy the Lv2 vulnerability criteria according to the Froude num-
ber will be conducted through the direct stability assessment and
model testing.
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