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Abstract: [Objectives] The superstructure participates in the overall longitudinal bending of a ship, which leads to

stress concentration in certain parts and threatens the safety of the ship's structure. The large-scale steel model test

can truly reflect the structural response characteristics of superstructures. [Methods] This paper studies the structural

strength of a certain ship's superstructure. Through the equivalent simplification of the main hull structure, a large-

scale steel model including the superstructure and main hull is designed, and a structural strength model test is car-

ried out under hogging moment load. [Results] The test and FE calculation results show obvious stress concentration

phenomena in the corners of the side openings of the superstructure and the edges of the round transitions between

the sidewall and main deck. The bending effectiveness of the superstructure is 0.315. [Conclusions] The results of

this study can provide references for the local structural strengthening and optimal superstructure design of target

ships. The simplified design method of the ship hull model provided in this paper can also serve as a reference for the

design of large-scale ship models.
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0 Introduction

The structural strength of the superstructure that
houses important cabins, such as the pilothouse,
command room, and crew accommodation, of large
ships is vital to the structural safety and combat ca-
pability of the ships. All about the bearing capacity
of the superstructure when it participates in the
overall longitudinal bending of the ship, the struc-
tural strength of the superstructure has long been
the focus of the shipbuilding industry. Considering
the continuous distribution of the main hull struc-
ture of the ship in the longitudinal direction, the
hull girder theory is typically adopted to calculate
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the overall longitudinal strength of the hull struc-
ture. However, the superstructure is usually shorter
than the ship, which causes the discontinuity of the
hull structure, ultimately resulting in obvious stress
concentration. Crawford put forward the double
girder theory, i.e., assuming that the main hull and
the superstructure exist in the form of separate
girders and bear horizontal and vertical forces re-
spectively and then calculating the normal stress,
deflection, and curvature of the two girders on this
assumption . Pei et al.Pl analyzed the interaction
between the main hull and the superstructure of a
passenger ship in an inland river in light of the dou-
ble girder theory and studied the effectiveness of
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the superstructure's participation in the overall lon-
gitudinal bending. Qian ™ proposed a simplified
model for evaluating the effectiveness of the super-
structure, and this model, simplifying the three-
dimensional (3D) structure of the hull into a two-
dimensional (2D) model, well simulates the interac-
tion between the superstructure and main deck
structure, and simplifies the calculation of the level
of the superstructure's participation in the overall
longitudinal bending of the hull. He et al. 1 used
the finite-element (FE) method to analyze the stress
concentration at the end of the superstructure of a
certain model of a ship and calculated its stress con-
centration factor.

Some scholars also used the FE method to study
the structural strength of the superstructure and its
influence on the overall strength of the hull %1, Al-
though this method enables the simulation of the ge-
ometry of the hull structure and efficient calculation
of the stress distribution of the superstructure under
ideal stress, it cannot directly reflect the stress re-
sponse and deformation characteristics of the typi-
cal parts and structures under the load. For this rea-
son, corresponding tests need to be carried out to
study the stress distribution characteristics of the
structure. Li P! carried out model test on the struc-
tural strength of the superstructure built with com-
posite materials but adopted the truncated model of
the cabin for the test, which poses great difficulty in
simulating the boundary conditions and loading
mode of the model.

Accordingly, with the forecastle superstructure of
a ship as the research object, a large-scale model
test is conducted on the structural response of its
typical parts when the ship's hull bears the overall
longitudinal hogging moment, and the test results
are analyzed to support the optimization of the
ship's structure.

1 Model similarity and structure
simplification

1.1 Model similarity

The model test in this paper is mainly designed
to study the stress distribution characteristics of the
superstructure under overall longitudinal bending.
Therefore, the test model should meet the geometric
similarity requirement in structure. Besides, the test
load needs to satisfy the similarity criterion to eval-
uate the bending moment on the full-scale ship.
Moreover, the test model should adopt the same ma-

terials as those of the full-scale ship to ensure that
the same stress level as that in the case of the full-
scale ship under the corresponding load can be ob-
tained through the model test. The basic physical
quantities describing material properties include
Young's modulus E, shear modulus G, and Pois-
son's ratio u. Generally, the two independent physi-
cal quantities £ and u are selected to describe the
material properties of the structure.

Because the scale of the hull structure, which is a
box-girder thin-walled type of structure, and the
thickness of the hull plate are at different magni-
tudes, the geometric similarity requirement cannot
be fully satisfied when a scale model is used to test
the strength of steel structures, in which case differ-
ent scale ratios can be used. A large-scale steel mod-
el is adopted to minimize the influence of the scale
effect on the test results, and the scale ratios adopt-
ed are as follows: The scale ratio for the main scale
AL = 1:4 and that for plate thickness 4, = 1:2. The
calculation formula for the normal stress of structur-
al bending is ¢ = Mz/I, where, for the overall longi-
tudinal bending of the hull, M represents the verti-
cal bending moment on the cross-section of the
hull; z is the distance between the stress point to be
solved of the superstructure and the neutral axis; /
is the vertical moment of inertia of the cross-section
to the neutral axis. According to the similarity theo-
ry, the similarity between the model and the full-
scale ship in the section characteristics at the same

measuring position can be obtained:
Im

7 A
an ( l )
g = /lL

where [, and [, are the vertical moment of inertia on
the section of the model and the full-scale ship re-
spectively, and z,,, and z,, are the height of the verti-
cal neutral axis of the model and the full-scale ship
respectively.

For equal stress at the same location under the
overall longitudinal bending, the bending moment
M., applied in the model test and the corresponding
bending moment M, in the case of the full-scale
ship should meet the following similar require-

ments:
Mm

M;

=44 (2)

1.2 Structure simplification

In this paper, the cabin section of the hull includ-
ing the forecastle superstructure is selected as the
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design object of the test model. Given the high
main hull within this section, however, the model
height would be too large if the scale ratio for the
main scale given above was adopted. Moreover, the
variety of internal components of the main hull not
only leads to a significant increase in the processing
cost of the model but also poses challenges to its
transportation and assembly. Considering that the
model test is mainly designed to study the stress dis-
tribution of the superstructure, the main hull struc-
ture needs to be simplified. The profile characteris-
tics of the simplified hull structure should be simi-
lar to that of the full-scale ship, so that the distribu-
tion characteristics of the stress on the section of
the superstructure under the overall longitudinal
bending moment will not be affected. For this rea-
son, the box girder is used to replace the main hull,
with its upper surface as the main deck of the hull
and the superstructure on the main deck completely
retained. All hull components are scaled down ac-
cording to the scale and plate thickness of the full-
scale ship by the above scale ratios. Specifically, if
the steel plates at the relevant thickness cannot be
purchased directly in the market after some side lon-
gitudinals are scaled down by the given scale ratio
for plate thickness, these side longitudinals can be
made of steel plates at a similar thickness. Then, the
scale of the side longitudinals is adjusted to the ex-
tent that the cross-sectional area of the side longitu-
dinals after adjustment is equal to that after scale re-
duction. In this way, a structural response of the
deck under the vertical bending moment of the hull
generally the same as that in the real situation can
be ensured. According to the calculation formula
for the overall longitudinal bending stress of the
hull o, = M/I, the distance z between the super-
structure of the simplified structure and the neutral
axis and the moment of inertia /, on the section
should be both the same as those in the case of the
full-scale ship to ensure that the stress distribution
characteristics of the superstructure are the same as
those of the superstructure of the full-scale ship.
The hull structure under the main deck can be sim-
plified by the following method: With several typi-
cal sections of the cabin section of the target ship
hull as the benchmark, the rectangular box girder is
used to replace the main hull, with no need to fol-
low completely the above principle for scale reduc-
tion. The height of the box girder is set to 8.5 m
(2.215 m after scale reduction), and its width is the

same as that of the main deck.-The above con-

straints can be met by adjusting the plate thicknesses
of the side and bottom plates of the box girder,
arranging flat steel and T-shaped steel stiffeners on
the side and bottom, and adjusting the scale and
plate thicknesses of the stiffeners. The section struc-
ture at the same frame before and after simplifica-

o
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tion is presented in Fig. 1.

(a) Structure of full-scale ship (b) Equivalent structure

Fig. 1 Comparison of main hull structure before and after
equivalent simplification

2 Test model and loading method

The four-point bending loading method is adopt-
ed according to the demand of the test on the ap-
plied load, as well as that of the capacity and loca-
tion of the loading equipment of the laboratory. The
whole superstructure at the bow of the target ship is
29.5 m long, and the cabin section of the hull that
contains this superstructure is selected as the test
section. This cabin section has a full-scale length of
35 m, a maximum width of 16.33 m, and a maxi-
mum height of 14.8 m. A steel test section model is
designed according to the full-scale structure of the
target ship together with the above model scale ra-
tios by the above equivalent structure simplification
method, and it has a length of 8.75 m, a maximum
width of 4.08 m, and a maximum height of 3.64 m.
Moreover, 3 m loading sections at both ends of the
model are designed to obtain the corresponding
pure bending load in the model test section. Be-
sides, a transition section is set between the test sec-
tion and the loading ones to save the stress response
at both ends of the test section from the concentrated
load applied in the test. According to the calcula-
tion, two loading sections 2.375 m long can not only
meet the required test accuracy but also satisfy the
demand of the location of the test equipment. Fig. 2
presents the overall segmentation of the model (the
unit of the values in the figure is mm). The transi-
tion and loading sections are symmetrically distrib-
uted at both ends. The overall model length is 20 m,
and the specifical scales from one end to the other
are "0.25 m (local reinforcement at the load applica-
tion points at both ends) + 3 m (loading section) +
2.375 m (transition section) + 8.75 m (test section)
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+ 2.375 m (transition section) + 3 m (loading sec-
tion) + 0.25 m (local reinforcement at the load ap-
plication points at both ends)". The steel material of
the model test section is the same as that of the full-
scale ship, with a nominal yield strength of o, = 315
MPa. The transition sections and the loading ones
are made of steel with a yield strength of o, = 345
MPa. The overall weight of the whole test model is
about 49 t.

Local reinforcement

7375 at the load application
: points
250 Superstructure AR
S /
Main hull

3000 8750 2375 3000
Loading Transition Test section Transition Loading
section  section 20 000 section  section

Fig.2 Overall distribution of test model

The loading system used in the model test is pre-
sented in Fig. 3, containing loading and fixing de-
vices. Specifically, the loading device is divided in-
to a contact device, a loading beam, and two oil
pressure cylinders, among which the contact device
is used in coordination with the loading beam and
the oil pressure cylinder transmits the load to the
model through the loading beam and the contact de-
vice. The fixing devices are composed of a reaction
frame, a reaction beam, and a contact device,
among which the reaction beam, as simple support
for the model, is mainly designed to prevent signifi-
cant deformation at both ends of the model under
extreme loading conditions. Considering that the
load in the model test does not cause significant de-
formation of the model, the reaction beam is not
used. Due to the large mass of the test model itself,
the model is laid flat (the starboard side of the hull
faces the ground) to steer clear of the influence of
the model gravity on the stress measurement. More-
over, pulleys are utilized as the support between the
main hull and the ground to reduce the friction be-
tween them, and loading is then performed at the
bottom of the model (hull bottom) to simulate the
structural response of the superstructure when the
hull is in the hogging state under pure bending load

(Fig. 4).
3 Test measurement and data pro-
cessing method

Guided by the test purpose, strain gauges are
used to measure the structural response of typical

Loading device

DS D B d  Reaction
[ ] II l I beam

Test model Coqtact
device

Reaction
frame

Fixing Fixing
device

Fig.3 Test loading system

Fig. 4 Model state before test

parts of the superstructure under the hogging bend-
ing moment. The locations of test points are mainly
selected according to the FE calculation results of
the ship and arranged at high-stress points and typi-
cal locations, including the opening corners of the
front and rear walls and the root of the superstruc-
ture (Fig. 5(a)), the opening corners and typical lo-
cations on the decks at each layer of the superstruc-
ture (Fig. 5(b)), the opening corners and typical lo-
cations on the sidewalls of the superstructure, and
the arc transition section connecting them with the
main deck of the hull (Fig. 5(c)). A total of 72 test
points of strain are arranged, including 15 three-
way points with their number starting with "S" and
57 one-way points with their number beginning
with "A". Fig. 5 shows the locations of some test
points.

The strain at each test point can be directly mea-
sured through the test. However, it needs to be con-
verted into stress if the stress response characteris-
tics of the superstructure are to be analyzed. In the
test, one-way strain gauges are used at some test
points, such as the joints between the superstructure
and the main deck of the hull featuring a clear direc-
tion of the principal stress (the principal stress
comes in the vertical direction). Three-way strain
gauges are used at other test points, e.g. the opening
corners. When a one-way strain gauge is used, the
stress at the corresponding test point can be calcu-
lated according to Hooke's law:

o, = Ee, (3)

Regarding the strain measured by the three-way
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(b) Some test points on the deck
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(c) Some test points on superstructure sidewalls and in the arc transition sections of the bow and the stern

Fig. 5 Some test points

strain gauges, the von Mises equivalent stress at the ((rl) ot oy, (0’ -0, )
; . = - +T“
test point needs to be calculated by the following T2 2 2
formula. The longitudinal, transverse, and shear The von Mises equivalent stress o, at such a test
strains ¢, ¢, and y, obtained by the three-way point is
strain gauges can be expressed as Te= \/U'f +0o - 0,0, + 37,
£, =&, & =8, Vi = 2815 — Ep — Eopp or
where &g, &5, and &, are the positive strain mea- T
i .= AJor 0t — 00, (5)
sured at 0°, 45° and 90° respectively. The corre-

sponding longitudinal, transverse, and shear strains 4 Test result analysis
o,, 0,, and 7, can be expressed as

E . . .
o= (5, +u5) 4.1 Analysis of stress concentration in
Y

5 superstructure
.= e, . . .
> 1— 2 (2 +e,) Under the hogging bending load, the maximum
E (4) stress in the superstructure occurs at the test point
21 +p) S12 (three-way gauge), which is an opening corner
The principal stress at the test point where a on the sidewall near the stern end located at the ver-

three-way strain gauge is used can be expressed as tical tangent of the upper corner of the second open-
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ing forward at the sidewall tail of the chimney on
the larboard of the superstructure of the target ship
(Figs. 5(c) and 6). When the test load (i.e., the
thrust of a single oil cylinder) reaches 263.6 t, the
von Mises equivalent stress at this test point reaches
356.6 MPa (Fig. 7), exceeding the nominal yield
stress of the material. Fig. 7 indicates that when the
test load is about 125 t, the stress variation curve un-
dergoes obvious nonlinear changes at this test point,
and similar situations are reported at some other test
points, despite that the test load when such a case
occurs is different. Observation shows that such sit-
uations all occur at the test points close to weld
seams. The closeness of the test points to the weld
seams may explain this phenomenon: When the test
load reaches a certain value, the release of the resid-
ual stress near the weld seams affects the stress at
the test points during welding.

04 level
03 level
02 level
S12
01 level
Fig. 6  Location of test point S12
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200 /
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Fig. 7 Variation of von Mises equivalent stress at test point
S12 with load

Fig. 8 shows the FE calculation results under a
test load of 263.6 t. It indicates that the location of
the maximum stress in the superstructure is the
same as that in the test results: The FE calculation
result is 345 MPa, with a 3.25% deviation from the
test result. The high stress in the superstructure side-
wall openings of the ship is mainly in the opening
corner between the main deck-and-02 level, and the

remarkable stress concentration here calls for local

reinforcement or design optimization.
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Fig. 8 FE calculation results of superstructure sidewall

openings

The analysis of the test results reveals that signifi-
cant stress concentration also occurs on the transi-
tion arc connecting the sidewall of the superstruc-
ture and the main deck. Fig. 9 presents the variation
curves of the von Mises equivalent stress at the test
points in the arc transition sections of the bow and
the stern. It shows that the difference between the
stress at the test points in the arc transition sections
of the bow and the stern is insignificant. When the
test load reaches a specified value, the stress at the
test point in the bow becomes slightly larger than
that in the stern: The stress at test point S13 in the
bow is 118.87 MPa, and that at test point S7 in the
stern is 111.0 MPa. The FE calculation results are
shown in Fig. 10, which indicates that the results of
the comparison of stress concentration points in the
bow with those in the stern obtained by FE calcula-
tion are the same as those obtained by the model
test: The stress in the bow is invariably larger than
that in the stern, with the numerical results obtained

140
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60 foo
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Fig. 9 Variation of equivalent stress at test points in arc
transition section connecting superstructure sidewall
with main deck



LIU J J, et al. Steel model test on structural strength of ship superstructure under overall longitudinal bending 7
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Fig. 10  FE calculation results of arc transition section connecting superstructure and main deck

by the model test smaller than the FE calculation re-
sults. This can be explained by the fact that the
weld seam between the web of the arc transition
section and the panel affects the layout of the test
points, causing the space between the test points
and the edge of the arc and ultimately preventing
the measurement of the maximum stress value at
the stress concentration point.

4.2 Analysis of effectiveness of super-
structure's participation in overall

longitudinal bending

According to Reference [10], a calculation formu-
la for #, the effectiveness of the superstructure's par-
ticipation in the overall longitudinal bending of the
ship hull, is given by

oy,

T Ty = 01w (6)
where o, represents the stress in the main deck with
no regard to the superstructure, MPa; o, is the actu-
al calculated stress in the main deck of the hull,
MPa; g, is the stress in the main deck when the su-
perstructure is 100% effective, MPa. In this paper,
the effectiveness of the superstructure is calculated
on the middle frame section of the superstructure in
the cabin section of the hull of the test object. Ac-
cording to the formula o, = M,/I,, the superstructure
(the structure on the main deck) is removed, i.e., on-
ly the main hull part is left, in the calculation of a,.
Corresponding to the above section, the vertical mo-
ment of inertia 1, i b
height Z, , of the neutral axis are calculated,
thereby obtaining the vertical distance Z; between

, on the section and the

main hul

the main deck and the neutral axis. The vertical
bending moment is set to that under the correspond-
ing test load, and o, = 79.4 MPa is obtained by the

theoretical calculation method. o, is set to the longi-
tudinal stress measured by the test corresponding to
that at test point A16 (Fig. 5 (b)) at the intersection
of the cross-section and the middle longitudinal sec-
tion on the main deck, i.e., o, = 66.53 MPa. oy, is
calculated in a way similar to that by which g, is
calculated, except that the corresponding section ad-
opted for calculation needs to be the one containing

the superstructure. /, is used as the vertical mo-

whole
ment of inertia on the section, and Z, ;.. 1s adopted
as the height of the neutral axis. Then, the vertical
distance Z, between the main deck and the neutral
axis is thereby obtained, and o,,,= 38.58 MPa is ac-
quired by theoretical calculation. According to
Equation (6), the effectiveness of the superstructure

of the ship can be calculated as # = 0.315.

5 Conclusions

With the forecastle superstructure of a ship as the
research object, this paper simplifies the main hull
by the equivalent structure method and designs a
steel scaled model of a cabin section containing the
whole forecastle superstructure and the main hull.
Then, the four-point bending loading method is em-
ployed to study the superstructure, particularly its
stress concentration and the effectiveness of its par-
ticipation in the overall longitudinal bending, under
the hogging bending moment. The main conclu-
sions drawn are as follows:

1) Opening groups occur on the superstructure
sidewall of the ship, and obvious stress concentra-
tion is observed in the opening corner between the
main deck and 01 level. When the test load reaches
263.6 t, the von Mises equivalent stress at a test
point in the opening corner hits up to 356.6 MPa,
exceeding the nominal yield stress of the material.
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In this case, the structure of this part needs to be re-
inforced or optimized.

2) Stress concentration is also observed at the arc
edge near the bottom part of the arc transition sec-
tions in the bow and the stern connecting the side-
wall of the superstructure with the main deck. The
study shows that under the same load, the values
measured by the test are smaller than those obtained
by FE calculation, which can be largely explained
by the denied installation of the strain gauge onto
the arc edge that results in the deviation in the loca-
tion of the test point.

3) The effectiveness of the participation of the
forecastle superstructure in the overall longitudinal
bending of the hull is 0.315.

4) Many factors are behind the deviation between
the test results and the FE calculation results. For in-
stance, the idealized FE model gives no regard to
the influence of the defects in the actual hull struc-
ture on the strength of the local structure. Besides,
the processing accuracy of the model and the devia-
tion in the installation locations of the strain gauges
also act on the test results. Despite the deviation be-
tween the two results, they reflect consistent struc-
tural response characteristics, and the model test
can more truly reflect the strength characteristics of
the structure of the full-scale ship.
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