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Abstract: This study examined the hull girder strength of intact and damaged ships by adopting the
incremental-iterative method for progressive collapse analysis, which was extended to the general
case of the unsymmetrical bending of beams with an arbitrary cross-section. The sources of an
unsymmetrical loading, including rotation of the loading plane and section asymmetry caused
by structural damage, are described. A fast and robust procedure is presented to determine the
translation and rotation of the instantaneous neutral axis at each curvature increment when applying
Smith’s progressive collapse analysis method. A series of analyses were conducted on a double
hull VLCC and a bulk carrier, considering various loading plane angles and damage conditions.
The decrease in ultimate strength and the influences of rotation of the instantaneous neutral axis and
ship heeling are discussed. The proposed method can be used for a rapid and rational assessment of
the hull girder strength under adverse conditions.

Keywords: hull girder strength; residual strength; unsymmetrical bending; collision damage;
grounding damage; Smith’s method

1. Introduction

Fast and robust methods are needed to design ship hulls to withstand extreme wave-induced
bending moments under both intact and damaged conditions. The residual strength under a damaged
condition due to collision, grounding, or explosion/blast loading is an important research area, not only
with regard to assessing the crashworthiness of a proposed hull girder structure but also for practically
relevant applications considering the recoverability and survivability of damaged ships and how they
are salvaged and rescued. A rapid and accurate method would be invaluable, particularly for naval
vessels, whereby damage may be sustained in a hostile environment, and a quick assessment for
determining the residual strength would be necessary for further engagement or evacuation.

The progressive collapse method, in which the principles were first introduced by Smith [1],
is recognized as a relatively simple but accurate method for estimating the hull girder response under
a vertical bending moment in intact and upright condition. Smith’s method originally follows a
pure-incremental procedure using an incremental relationship between the bending moment and
curvature based on the instantaneous tangent rigidity of a cross-section (tangential moduli formulation)
and applying sufficiently small curvature increments [2]. Smith [3] and Smith and Pegg [4] described an
extension of Smith’s method to bi-axial bending and unsymmetrical sections. Either fixed increments of
curvature or moment can be applied in biaxial bending moment problems. On the other hand, the former
method is less suitable because the proportion of horizontal and vertical bending moments would not
follow a prescribed ratio, and a determination of the ultimate capacity would be cumbersome [4,5].
The latter method, applying incremental bending moments with a prescribed ratio to calculate vertical
and horizontal curvature, is more appropriate for strength analysis, but its formulation breaks down
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when the ultimate bending moment is reached, and it cannot be applied to obtain a post-collapse
response. Fujikubo et al. [5] reviewed the procedures for applying a pure-incremental method for
various loading and constraining conditions.

In the IACS Common Structural Rules for Bulk Carriers and Oil Tankers (IACS-CSR) [6],
Smith’s method is incorporated for an ultimate capacity assessment of a hull girder using an
incremental-iterative approach, whereby curvature is applied incrementally. The vertical position of
the instantaneous neutral axis from the baseline is determined iteratively by imposing a zero-axial force
condition. Gordo and Guedes Soares [7] applied this approach and extended it to deal with biaxial
bending by applying a fixed curvature ratio [8]. In addition, Gordo and Guedes Soares [9] applied the
incremental-iterative method to calculate the ultimate strength of damaged ships. Structural damage
was modeled by simply removing various elements from within the transverse cross-section of a hull
girder. This approach was adopted in several studies [10–14], and incorporated in IACS-CSR without
explicitly considering the problem as unsymmetrical bending. The IACS-CSR prescribes a mandatory
check of the ship hull-girder residual ultimate strength under a vertical bending moment.

Unsymmetrical bending arises either if the bending moment does not act in a plane of symmetry
or if a cross-section is unsymmetrical (does not have any axis of symmetry). In both cases, the axis of
bending does not coincide with the neutral axis. In the context of a ship hull girder, these conditions
correspond to the heeling of the ship and the loss of cross-sectional symmetry due to structural
damage. Note that in the case of a ship collision and grounding, the ship may list such that both
conditions will be present due to oil outflow or water ingress. As noted by Choung et al. [15],
in progressive collapse under unsymmetrical bending, the neutral axis not only shifts vertically but
also rotates at each increment because certain parts of the section buckle and yield. When using the
incremental-iterative method, an additional condition is required to determine the correct position of
the instantaneous neutral axis. This condition is related to the internal bending moment, which must
act in the same direction as the external bending moment. Choung et al. [15] incorporated this condition
in Smith’s method and applied it to analyze a double hull tanker [16]. Campanile et al. [17,18] and
Tekgoz et al. [19] formulated this additional condition in a slightly different way and applied the
extended Smith’s method to assess the residual strength of various merchant ship types. Zhu et al. [20]
highlighted the need for robust solution procedures when the rotation of the neutral axis is considered
in the incremental-iterative method. Fujikubo et al. [5] derived an explicit expression for rotating
the neutral axis within the pure-incremental method and examined its influence on the residual
strength of damaged ships. Makouei et al. [21] and, more recently, Kuznecovs et al. [22] adopted this
analysis method to study the hull girder residual strength. The general conclusion derived from these
studies is that constraining the rotation of the neutral axis in progressive collapse analysis causes
overestimation of the residual strength. On the other hand, the degree of this influence is dependent
on the type and extent of damage, ship type, and heeling condition. Parunov et al. [23] reported that
IACS-CSR applies a fixed reduction of 10% on the ultimate strength of a hull girder with collision
damage when predicting it with the incremental-iterative method without considering the rotation
of the neutral axis. Therefore, this prescribed reduction ratio is not fully justified, and more research
on this topic will be needed to develop the appropriate guidelines for ultimate strength assessments
under adverse conditions.

In light of recent research, the object of the present paper was to describe precisely the procedure
for applying the incremental-iterative method when a hull girder is subjected to unsymmetrical
bending. In addition, a systematic examination of the influence of rotation of the neutral axis under
various loading and damage conditions is presented for the case of a double-hull oil tanker and a
bulk carrier.
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2. Method of Analysis

2.1. Elastic Response under Unsymmetrical Bending

Figure 1 presents three possible cases of unsymmetrical bending of a ship hull girder, where the
neutral axis does not coincide with the axis of bending. Here, α denotes the angle between the neutral
axis and the global y-axis (neutral axis angle), and ϕ indicates the angle of the bending axis (angle of
the moment vector). Both angles are counter-clockwise positive. Note that ϕ also corresponds to the
heeling angle of the ship as the axis of bending is always parallel to the water surface. The resultant
bending moment, M, can be resolved into vertical and horizontal components, My and Mz, using the
angle of the axis of bending:

Mz = M sin(ϕ) (1)

My = M cos(ϕ) (2)

tan(ϕ) =
Mz

My
(3)

For the most general case of unsymmetrical bending in elastic regime, where both the beam
cross-section is not symmetrical and the applied couple is not directed along a principal centroidal axis,
the axial stress at any point in the beam cross-section can be obtained using the following formula:

σx(y, z) =
(My Iz̄ + Mz Iȳz̄)z− (Mz Iȳ + My Iȳz̄)y

Iȳ Iz̄ − I2
ȳz̄

(4)

where Iȳ and Iz̄ denote the second moment of the area with respect to the elastic horizontal and vertical
neutral axis, respectively, and Iȳz̄ is the product moment with respect to the elastic neutral axes.

The following well-known equation is obtained after equating the stress formula to zero and
noting that z = tan(ϕ)y :

tan(α) =
tan(ϕ)Iȳ + Iȳz̄

Iz̄ + tan(ϕ)Iȳz̄
(5)

The case of an intact ship under the heeled condition (Figure 1a) corresponds to the unsymmetrical
bending of a beam with a symmetrical cross-section. Because of sectional symmetry Iȳz̄ = 0, the above
relationship between these two angles simplifies to the following [8]:

tan(α) = tan(φ)
Iȳ

Iz̄
(6)

For the case of a damaged ship in the upright condition (Figure 1b), Iȳz̄ 6= 0 and ϕ = 0,
and Equation (5) can be written as follows [17]:

tan(α) =
Iȳz̄

Iz̄
(7)
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Figure 1. Unsymmetrical bending of ship hull girder: (a) Intact ship in heeled condition. (b) Damaged
ship in upright condition. (c) Damaged ship in heeled condition.

2.2. Progressive Collapse under Unsymmetrical Bending

The fundamental assumptions in Smith’s method are as follows:

• The cross-sections remain in the plane (Navier’s hypothesis);
• The hull girder collapses between two transverse frames (interframe collapse);
• The structural units act independently.

Based on these assumptions, the procedure of applying Smith’s method starts with dividing the
longitudinally effective hull girder cross-section into small elements (plate-stiffener combinations,
plates, and hard corner/intersection elements). Each element needs to be assigned an average axial
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stress-strain curve that describes its response under uniaxial tension and compression. The next steps
in the standard procedure of Smith’s method for symmetrical bending are as follows.

• Calculate the initial position of the neutral axis and apply incremental curvature about this
instantaneous neutral axis (INA).

• Following the first fundamental assumption of Smith’s method, calculate the strain for each
structural unit with respect to its vertical position and obtain the axial strain using the provided
average stress-strain data.

• Integrate the axial stresses over the entire cross-section to obtain the bending moment.
• In each increment of curvature, find the position instantaneous neutral axis, and follow the above

steps until the target curvature, κmax is reached.

To apply Smith’s method to unsymmetrical bending, the position of the instantaneous neutral
axis (INA) at any incremental curvature should be defined with two parameters. Figure 2 shows the
coordinate system required to apply Smith’s method to unsymmetrical bending [17,24]. The neutral
axis position at any increment of curvature, κk, is defined as the vertical distance from the intersection
of INA and centreline (CL) to the baseline (BL), z̄CL(κk), and with the angle, α(κk). Here, k defines the
index of the increment.

Figure 2. Coordinate system adopted in the progressive collapse analysis for unsymmetrical bending.

At the start of the progressive collapse analysis, the elastic neutral axis of the cross-section is used.
With reference to Figure 2, to obtain z̄CL,0, the coordinates of the elastic centroid of the cross-section C,
can be used as follows:

z̄CL,0 = z̄− ȳ tan(α0) (8)

The angle of the elastic neutral axis, α0, can be obtained using Equation (5) by inputting the
cross-sectional properties and angle of the axis of bending.

The axial strain in each element requires determining the perpendicular distance from the
respective element to INA. With respect to Figure 2, the following expressions can be derived:

ξ INA = z̄CL cos(α) (9)

ξi = zi cos(α)− yi sin(α)− ξ INA (10)
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where (zi, yi) are the coordinates of the centroid of the element. The axial strain is then obtained
as follows:

εx,i = κξi (11)

Calculation of the axial stress of each element, σx,i, requires a normalized load-end
shortening/lengthening curves (average axial stress-strain, σx,ave-εx,ave curves). In this study, the simple
formulae given in IACS-CSR [6] were used to define the load-end shortening curves, and elastic-perfect
plastic behavior was assumed for the tension response of the structural elements.

According to the simple beam theory, the net resultant axial force on the beam section should be
zero. This condition can be expressed as

m

∑
i=1

σx,i Ai = 0 (12)

where Ai is the cross-sectional area of the structural element, and m is the total number of structural
elements. Alternatively, this condition can be expressed in terms of the net resultant tension force, Ft,
and the net resultant compression force, Fc:

Ft = ∑ σx,i Ai for σx,i > 0 (13a)

Fc = ∑ σx,i Ai for σx,i < 0 (13b)

These two resultant forces should be equal:

Fc = Ft (14)

In the incremental-iterative method, the zero-net axial force condition is used to determine the
correct vertical position of INA, z̄CL; it is more appropriate to express this condition as follows:

f (z̄CL) = |(Fc − Ft)/(Fc + Ft)| = 0 (15)

This equation can be solved iteratively using a quasi-Newton-Raphson method (for example,
the secant method). The iterative scheme can be expressed as

z̄CL,i+1 = z̄CL,i −
f (z̄CL,i)

f ′(z̄CL,i)
(16)

Here, the derivative in the denominator is calculated numerically using a first-order forward
difference type finite difference method. The iterations are stopped if f < δ1, where δ1 is the specified
tolerance. Based on the authors’ experience, δ1 should be in the order of 1× 10−7.

With reference to Figure 3, the resultant tensile force, Ft, is located at the centroid, Ct, of the tensile
area, At. Similarly, the resultant compressive force, Fc, is located at the centroid, Cc of the tensile area,
Ac. The coordinates of the centroids can be determined easily as follows:

At = ∑ Ai for σx,i > 0 (17a)

Ac = ∑ Ai for σx,i < 0 (17b)

At,z̄ = ∑ Aizi for σx,i > 0 (18a)

Ac,z̄ = ∑ Aizi for σx,i < 0 (18b)

At,ȳ = ∑ Aiyi for σx,i > 0 (19a)

Ac,ȳ = ∑ Aiyi for σx,i < 0 (19b)
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Ct,z = At,z̄/Ft (20a)

Ct,y = At,ȳ/Ft (20b)

Cc,z = Ac,z̄/Fc (20c)

Cc,y = Ac,ȳ/Fc (20d)

Here, Ct,z and Ct,y denote the z and y coordinates of Ct, respectively. Similarly, Cc,z and Cc,y

denote the z and y coordinates of Cc, respectively.

Figure 3. Centroids of resultant forces and an explanation of the condition for the direction of
bending moment.

A plane through the centroids, Ct and Cc, is the plane of the loads for the beam.
Therefore, the angle associated with this plane must correspond to the direction of the external
bending moment. From Figure 3, this condition can be expressed using the angle γ as follows:

γ =

π/2 if |Cc,y − Ct,y| = 0

arctan
(
|Cc,z−Ct,z |
|Cc,y−Ct,y |

)
else

(21)

g(α) =

{
φ− γ− π/2 = 0 for α ≥ 0

φ− γ + π/2 = 0 for α < 0
(22)

A quasi-Newton–Raphson method is used to solve this equation to find the correct orientation of
NA . The iterative scheme can be expressed as

αi+1 = αi −
g(αi)

g′(αi)
(23)

The derivative g′ is calculated numerically using a first-order forward difference type finite
difference method. The iterations are stopped if g < δ2, where δ2 is the specified tolerance. δ2 is
recommended to be in the order of 1× 10−3.

Once the correct location and orientation of the neutral axis in terms of the vertical distance z̄CL
and angle α, is known, the total bending moment can be calculated for the given curvature, κk:

M =
m

∑
i=1

σx,i Aiξi (24)
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Note that M always acts perpendicular to the water plane.
Figure 4 presents the proposed procedure for progressive collapse analysis of ships under

unsymmetrical bending. The proposed method of analysis is implemented in an in-house code.
When applied to the analysis of typical merchant ships, as presented in the next section, the in-house
code usually yields the results in less than one minute, without convergence issues. Note that unloading
can occur in the yielded elements at certain increments due to rotation of the neutral axis. In such a
case, the stiffness of those elements is restored to elastic axial stiffness.

Start

Calculate mid-ship 

section properties

Calculate initial position 

of NA

ҧ𝑧𝐶𝐿,0, 𝛼0

Increase curvature

𝜅𝑘 = 𝜅𝑘−1 + ∆𝜅

Calculate axial strain εx,i

induced on each 

structural element by

𝜅𝑘 for the NA position 

ҧ𝑧𝐶𝐿,𝑘,, 𝛼𝑘

Calculate axial stress of each 

element, σx,i

Determine Ft, Fc, Ct, Cc and γ

σx,ave - εx,ave

curve

f < δ1 

Solve f = 0 for ҧ𝑧𝐶𝐿
using Quasi 

Newton-Raphson 

method

No

g < δ2

Yes

Yes

Calculate total bending 

moment for the corrected 

position of NA

M- κ

curve

Solve g =0 for 𝛼
using Quasi 

Newton-Raphson 

method
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𝜅𝑘 = 𝜅max

End

Yes

No

Figure 4. Flowchart of the proposed extension of the incremental-iterative method.
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3. Applications

The proposed method is applied for evaluating the progressive collapse behavior of ISSC double
hull VLCC and Bulk Carrier benchmark models, which are described in [25,26]. Table 1 lists the main
particulars of these two ships.

Table 1. Main particulars of target ships.

Particular Double Hull VLCC Bulk Carrier

Length (m) 315 285
Breadth (m) 58 50
Depth (m) 30.3 26.7

Block coefficient 0.82 0.83

To evaluate the damage scenarios, accurate information on the extents of damage caused by
accidents and the influence of structural discontinuities can be obtained by non-linear finite element
analysis [27–31]. In this study, however, following IACS-CSR [6], the damaged structural elements are
assumed to be completely ineffective. Note that this assumption may be rather conservative.

Both collision and grounding damage were considered following the definitions given in
IACS-CSR [6]. In the case of collision damage, the damage is located on the deck-side shell intersection.
The transverse damage extent was assumed to be B/16 for both double hull VLCC and Bulk Carrier,
where B is moulded breadth. The vertical damage extent was given as 0.75D and 0.6D for a single
side and double sides, respectively. Here, D denotes the depth of the ship. In the present study,
additional vertical damage extents are considered to be 0.2D and 0.4D. For the case of grounding
damage, IACS-CSR assumes that the damage penetration height is a minimum of B/20 and 2 m.
The breadth (transverse extent) of the damage is to be taken as 0.60B for both tankers and bulk carriers.
In the present study, an additional two cases are considered to be 0.2B and 0.4B. The transversal
position was assumed as the center of the ship because it yields the most unfavorable case. Figures 5
and 6 show the damage extents of the double hull VLCC tanker for collision and grounding scenarios,
respectively. Figures 7 and 8 show the damage extents of a bulk carrier for collision and grounding
scenarios, respectively.

Intact Collision damage - 20%

Collision damage - 60%Collision damage - 40%

Figure 5. Assumed collision damage extents in double hull VLCC.
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Intact Grounding damage - 20%

Grounding damage - 60%Grounding damage - 40%

Figure 6. Assumed grounding damage extents in double hull VLCC.

Intact Collision damage - 20%

Collision damage - 75%Collision damage - 40%

Figure 7. Assumed collision damage extents in bulk carrier.
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Intact Grounding damage - 20%

Grounding damage - 60%Grounding damage - 40%

Figure 8. Assumed grounding damage extents in bulk carrier.

3.1. Double Hull VLCC

Figure 9 shows the moment–curvature curves obtained with the proposed procedure for collision
damage (60%) and several different heeling angles. The right column presented the variation of neutral
axis vertical position (z̄CL) and orientation (α) with applied curvature. In the moment–curvature
curves, a comparison was made with the predictions obtained without applying the moment direction
criterion given in Equation (22). If a moment direction criterion is not applied, the angle α is kept as its
initial value, α0, and only a vertical shift is allowed to satisfy the zero net axial force condition. For the
upright condition, it is evident that restraining NA rotation has a negligible effect in the post-collapse
regime, even though a significant change in α is observed immediately after reaching ultimate strength.
In other cases, NA rotates significantly in the post-ultimate strength regime. A marginal effect of the
rotation of NA is evident for cases of a heeled condition with collision damage. Similarly, Figure 10
presents the moment–curvature curves and associated curves showing the shift and rotation of NA for
the case of grounding damage. As shown in Figure 6, the assumed grounding damage is symmetrical.
Therefore, an unsymmetrical loading is only the result of heeling. In such a case, the restraining
rotation of NA has a negligible influence even in the post-collapse regime.

Figure 11 presents the residual strength index versus mid-ship cross-section area reduction ratio
due to structural damage for the case of sagging. For each heeling angle, the residual strength index
is defined as the ratio of ultimate strength in damaged condition over the intact ultimate strength.
Figures A1 and A2 shows the complete moment–curvature curves for all analyzed cases, from which
the ultimate strength reduction due to collision and grounding damage can be assessed. The strength
reduction due to collision damage, i.e., damage in the side shell and partially in the deck, is almost
linearly proportional to the area reduction ratio. The cases of the heeled condition with positive loading
plane direction and 60% damage are exceptional, but for these cases, the effect of the damage size is
more evident in the post-collapse regime rather than the peak point in the moment–curvature curve.
A strength reduction of approximately 20% was observed for the damage size defined in IACS-CSR
for the upright and heeled conditions with negative angles. The strength reduction due to grounding
damage depends more on the heeling angle. At larger heeling angles, the residual strength index
decreases more with increasing area reduction ratio.
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Figure 9. Moment–curvature curves and neutral axis shift and translation for the case of double hull
VLCC with collision damage.
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Figure 10. Moment–curvature curves and neutral axis shift and translation for the case of double hull
VLCC with grounding damage.
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Figure 11. Residual strength index vs. area reduction ratio for the case of double hull VLCC.

3.2. Bulk Carrier

Figure 12 highlights the effects of neutral axis rotation for the case of a bulk carrier with collision
damage. Compared to the double hull VLCC, more apparent differences were observed between
the moment–curvature curves obtained with and without applying the moment direction criterion.
The curves diverge when the structural response becomes non-linear, and large differences are observed
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in the post-collapse response, even for an intact hull in a heeled condition. Generally, the extent of
variation of α in the post-collapse regime is larger than the case of double hull VLCC. This is because
once buckling or yielding occurs in the top and bottom flanges of the mid-ship section, the side
and deck structures of a bulk carrier, where a double hull is absent and a top side tank is present,
are unable to compensate for the moment direction criterion as the double hull and deck of the VLCC.
Figure 13 makes a similar comparison for the case of grounding damage. Again, the effects of NA
rotation are deemed to be significant as the structural response becomes non-linear.
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Figure 12. Moment–curvature curves and neutral axis shift and translation for the case of bulk carrier
with collision damage.
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Figure 13. Moment–curvature curves and neutral axis shift and translation for the case of bulk carrier
with grounding damage.
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Figure 14 presents the strength reduction due to a loss of cross-sectional area loss for the case
of collision and grounding damage and sagging condition. Figures A3 and A4 present the complete
moment–curvature curves. In the case of a bulk carrier, the heeling angle significantly influences
the rate of strength reduction with increasing loss of cross-sectional area due to collision damage.
The trends for the grounding damage are similar to those observed in the case of a double hull VLCC.
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Figure 14. Residual strength index vs. area reduction ratio for the case of bulk carrier.

3.3. Discussions

The findings of the present study were compared with previous research on the effect of a rotation
of NA. Fujikubo et al. [5] assessed the effect of rotation of NA by comparing a case where only the
vertical curvature is increased and horizontal curvature was constrained (constrained vertical bending)
with a case with no constraint on the horizontal curvature (pure vertical bending). In the first case,
the initial angle of NA was zero and was not allowed to change. This comparison is different from
the one presented in the current work, where the initial angle of NA was calculated in advance
for both cases of analysis with and without moment direction criterion. Considerable differences
were observed between the two cases reported by Fujikubo et al. [5], not only in the post-collapse
regime but also for the ultimate strength values. With regard to the descriptions given and findings
presented in the current study, care must be taken when referring to the influence of rotation of NA.
From the descriptions given in the sub-section of the elastic response under unsymmetrical bending,
it is apparent that a damaged mid-ship section subjected to pure vertical bending will not result in an
initial angle of NA, α0, that is equal to zero. Nevertheless, the overall findings of Fujikubo et al. [5]
are similar to those obtained in the present study. The influence of NA rotation has less importance for
the case of an oil tanker but has considerable influence for the bulk carriers and leads to a relatively
more rapid loss of strength after reaching the collapse load.

Tekgoz et al. [19] presented a similar study but on a container ship. They reported that the
rotation of NA has a larger influence on the progressive collapse behavior of container ships under
hogging and the degree of influence depends on the heeling angle. Based on the current findings,
these observations on container ships are relevant to ships with an open deck and double hull side
construction. General conclusions regarding the effects of side damage on strength reduction, however,
are similar to those drawn in the present study.
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4. Conclusions

An extended progressive collapse analysis method for considering unsymmetrical loading on a
ship hull girder was presented and applied to analyze a double hull VLCC and a bulk carrier. Based on
the results obtained, the following conclusions can be drawn.

• The moment direction criterion can be implemented in the analysis procedure of Smith’s
method by adopting a nested iteration algorithm when determining the INA position.
A quasi-Newton-Raphson method is appropriate for solving the iterative part of the progressive
collapse analysis, yielding a fast and robust solution.

• The influence of rotation of NA on the structural response is particularly important for the
post-collapse regime. The relative importance of this phenomenon depends strongly on the
structural configuration of the ship, loading condition (heeling angle), and damage location
among others. A double hull VLCC showed less sensitivity to the inclusion of moment direction
criterion compared to the bulk carrier.

• The reduced strength of a bulk carrier caused by collision and grounding damage is sensitive to
the heeling angle. This was attributed to side and deck structure construction type.

• Overall, the proposed methodology, which adopts the moment direction criterion of a ship hull
girder, can address the particular differences observed for each structural response of a ship under
unsymmetrical loading.
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Appendix A

For the sake of completeness, the moment–curvature curves for all analysed cases are provided
here in this appendix.
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Figure A1. Moment–curvature curves for the case of double hull VLCC with collision damage.
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Figure A2. Moment–curvature curves for the case of double hull VLCC with grounding damage.
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Figure A3. Moment–curvature curves for the case of bulk carrier with collision damage.
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Figure A4. Moment–curvature curves for the case of bulk carrier with grounding damage.
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