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ARTICLE INFO ABSTRACT

Keywords: Ultra-low cycle fatigue (ULCF) refers to material failure at small number of loading cycles. For
Lafge complex structure large complex structures like ships, the damage from ULCF can bring hazardous consequences. In
Ship structure this study, an alternately-cyclically loaded four-point bending test of a large box girder is
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Large scale test

introduced as the specimen to represent the ULCF of ship hull structure. In every load during the
test, large deformation is applied to the specimen even after reaching its ultimate hull girder
strength (UHGS), thus extensive plastic deformation and obvious fracture can occur in the
specimen. The severely damaged specimen is further tested until 1.5 cycles of bending are
finished, thus the test of post-damage box girder is realized. Moreover, the box girder is divided
into 3 sub-sections, which show different but still interacting structural behavior. The result of the
test shows the structural behavior of a large complex structure suffering severe damage during
alternate hogging and sagging after reaching its UHGS, which corresponds to the consequence of
ULCF. The presented ULCF test also provides experiences for investigations of large complex
structures with existing damages or after accidental loads. Considering the number of cycles in
the test, this study can bridge the gap between monotonic overload and ultra-low cycle fatigue.

Introduction

For steel structures under cyclic loading, ultra-low cycle fatigue (ULCF) refers to material failure at very small number of cycles (e.
g., <100 cycles [1] or <10-20 cycles [2-6]), and often includes large plastic strains [1,5,6]. Considering large complex structures like
ships under cyclic loading, during the loading process, if the load continues after reaching the ultimate hull girder strength (UHGS)
(which is called as ‘further load after UHGS’ in this study), the structure is prone to ULCF. The resultant consequence can be hazardous,
an example is the total collapse of the MOL Comfort [7], which is possibly caused by further load after UHGS [8].

Many researches, including tests, have been carried out about the structural strength of ship hull structures [9]. For example,
Sugimura et al. made a destructive experiment of a 1/5 scale ship hull model [10]. Paik et al. tested the ultimate strength reduction
characteristics of a cracked steel plate subjected to axial tension/compression [11]. Ringsberg et al. carried out a test of a stiffened
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plate structure subjected to uniaxial compressive loads [12]. Wang et al. investigated the ultimate longitudinal strength of a scaled
ultra large container ship structure via bending test [13]. However, to reveal structural behavior during ULCF, cyclic loading is needed
instead of monotonic overload. During cyclic loading, the accumulated damage brings imperfections to the following cycles. The
imperfections will influence the structural strength and other structural behaviors [14].

For cyclic loading and collapse of ship hull-like structures, many analytical works have been done [15-19]. Studies of low-cycle
fatigue (LCF) are often based on assumptions limiting the extent of damage [19]. In contrast, in ULCF, the extent of damage is sup-
posed to be high. Due to the difference between LCF and ULCF [20], efficient criterion of ULCF should be considered and incorporated
into existing cyclic progressive collapse method [15]. This brings the requirement of investigations about the ULCF of ship hull
structures, including experiments like large-scale test with cyclic loading.

The cyclic loading is often categorized into two types: pulsating loading and alternate loading. In pulsating loading, loads applied
on the specimen are only in one direction, while in alternate loading, loads in opposite directions are applied on the specimen in
sequence. Gordo et al. [21-23] and Deng et al. [24] carried out tests on box girder or hull girders subjected to pulsating loading.
However, in pulsating loading, either hogging or sagging is considered. This is different from alternate cyclic loading, which includes
both hogging and sagging. Hence, alternate cyclic loading can provide more comprehensive results regarding ULCF of ship hull
structures. However, only very few amount of large-scale ULCF tests has been carried out with alternate cyclic loading. Fukumoto et al.
carried out a series of cyclic bending tests of thin-walled box beams [25], where moderate extent of damage was accumulated, but no
severe damage, like large plastic deformation or fracture occurred during the test. Akhras et al. carried out a large-scale bending test of
abox girder [26] with three sub-sections in the test area divided by transverse stiffeners. After the first bending, the box was turned and
tested again. No fracture was observed in the test. Since the box girder was turned only once, the structural behavior after a full
alternate cycle is unknown. Cui et al. carried out a series of cyclic tests of box girders made by 2.76-3.78 mm thick Q235 and Q345
steel [27]. The test area of the box girder is focused on one sub-section stiffened by longitudinal stiffeners. The maximum force and
bending moment applied on the specimen was close to 800 kN and 400 kN-m. No fracture was observed from the Q345 specimen.

The research works mentioned above represent ULCF of large steel structure with moderate extent of damage, like plastic defor-
mation and local buckling. However, considering the severity of structural damage in ULCF [7], extensive plastic deformation and even
obvious fracture, should be investigated to provide more insight into the consequences of accident, as well as to contribute to
development of protections against hazards. Moreover, referring to the collapse of MOL Comfort [7] mentioned above, when damage
occurs, it should not only be regarded as the final consequence, but also the initial condition for upcoming loads, since it is possible that
an already damaged ship has to continue operating in challenging conditions, or otherwise endure fatal damage. Such extent of
damage and load condition during ULCF is not included in any existing research works. This study investigates the ULCF of large steel
structure via experiment with severe damage occurred during the test and used as initial condition for following loading. To achieve
this, an alternately-cyclically loaded four-point-bending test is introduced, with a large box girder as the specimen for test. In every
loading process, the UHGS of the specimen is reached first, then the loading continues, which can cause large plastic strains and even
fractures. However, the extent of loading will not introduce total collapse of the specimen in only one loading process. Instead, the
occurred damage, including fracture, is used as the imperfection for following loading process within the test. As is mentioned above,
once enduring further load after UHGS during cyclic loading, the structure is prone to ULCF. Therefore, the loading configurations in
this study can represent ULCF of the specimen.

When investigating ULCF of ship structures via experiment, test setups representing ship structures with higher fidelity is preferable
for more comprehensive knowledge. Fidelity of the test setups is represented by e.g., comparable structural dimensions and strength,
as well as similar structural layout referring to ship structures. The specimen used in this study is designed to represent simplified ship
structures with its dimensions, plate thickness and structural layout. The test area of the specimen is fabricated with 5-8 mm steel
plates and is stiffened with 12 longitudinal stiffeners and 4 frames. The maximum force and bending moment applied on the specimen
is expected to be higher than 3000 kN and 2000 kN-m respectively. As a result, although not comparable with full-size ship structures,
the specimen can provide higher resistance against bending in ULCF, compared with that from existing works. Moreover, similar as
that in [26], the test section of the specimen is divided into three sub-sections by transverse frames, which makes the layout of the
specimen closer to that of ship structures, which also have multiple sub-sections divided by bulkheads or stiffeners. When a large extent
of damage occurs, such layout can reveal structural behaviors from different sub-sections, as well as the interactions between them.

In Section 2, the preparation of the test is described, including design of the specimen, setups of the test, and the measurement of
data. In section 3, the results of the test are presented. Based on the sections above, the ultra-low cycle fatigue of the tested large steel
structure is discussed in section 4. Following that, the conclusions are summarized in section 5.

Preparation of the test

The preparation of the test is introduced in this section, including the design of the specimen, setup of the test, and measurement of
data. More details are further shown in the appendix.

Design of the specimen

In this test, a large box girder with stiffeners is designed to represent a simplified ship hull structure according to the experimental
testing capabilities available. The length of the whole specimen is about 6000 mm, while the test part (midsection of the specimen, see
Fig. 4) is about 2500 mm in length, 1225 mm in width and 744 mm in height, with hull plate thickness of about 5.66 mm, stiffened with
transverse frames (about 8.24 mm thick) and longitudinal stiffeners (about 6.16 mm thick). More details about the design of the box
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girder is shown in Fig. 1 and Fig. 35, while the list of the components is shown in Table 1. Outside and inside views of the specimen
before test are shown in Figs. 2 and 3.

The specimen is divided into three sections: midsection, aft and forward, see Fig. 4. Referring to the dimensions of components in
Table 1, the hull thickness in midsection is smaller than that from aft and forward. Hence, compared with the aft and forward, the
midsection is expected to have significant deformation and damages, such as fracture and buckling.

To represent the local positions and deformation after test, grid lines are drawn on the specimen. Moreover, “mesh grids” are also
drawn on the top, bottom and starboard of the specimen. The size of the grids is about 25 mm, see Fig. 5.

In the longitudinal direction (along the x-axis), the specimen is divided into 36 divisions. The first and last divisions are at the two
ends of the connection plate, see Fig. 4. The IDs for the divisions are numbered as their longitudinal distance from the first division in
millimeter, see Fig. 5. Based on the division IDs, the four frames of the specimen are located at division 1125, 1875, 2625 and 3375.
These four frames divide the midsections into three sub-sections, namely S1, S2 and S3, see Fig. 4. In this paper, the sub-section always
refers to a section of box girder between two adjacent frames.

Test setup

The test is carried out in the laboratory of the Institute for Ship Structural Design and Analysis in Hamburg University of Tech-
nology (TUHH). The general layout of the test, including the test rig and the specimen, is shown in Figs. 6 and 7. The horizontal
positions of the hydraulic cylinders are also shown in Fig. 37. In this test, four-point bending is achieved via the contact between the
specimen and the load introducer, as well as the supports, see Figs. 6 and 7. The load is induced by the hydraulic cylinders. More
information regarding the cross beam, the base support structure, and the hydraulic cylinders can be found in [28] and [29]. By
operating the hydraulic cylinders, the cross beam carrying the load introducer can move towards the specimen for loading or move
away from the specimen for unloading. The load introducer is shown in Fig. 8 and Fig. 36, including two pairs of indenters with
spherical head for its contact against the specimen. The support also contacts the specimen via two pairs of support heads. The designs
of the support head and indenter are shown Fig. 37. The dimensions of the cross beam are shown in Fig. 38. while “X” shape is designed
to transfer the load from hydraulic cylinders to load introducer via the cross beam.

As is mentioned above, the midsection of the specimen has smaller plate thickness and is expected for most deformation and
damage. The forward and aft sections have larger plate thickness and higher strength. Hence, to avoid undesired results induced by
indirect contact between the midsection and the load introducer or support, the contact points are located at stiffened points on the
forward and aft sections, see Fig. 9.

For an ultra-low cycle fatigue test, cyclic loading is essential. In this test, each cycle consists of two half-cycles. In each half-cycle,
the specimen is loaded monotonically. Before the next half-cycle, the specimen is turned for 180° about its x-axis, see Fig. 10. After the
turning, the specimen is placed back on the test rig and load in the same manner, see Fig. 11. Therefore, it is possible to apply the load
in the opposite direction from the last half-cycle. In this test, the specimen is loaded with one and half load cycles (three half-cycles).
The load is displacement controlled. In the first half-cycle, the displacement introduced in each hydraulic cylinder is about 70 mm. In
the second half-cycle, the displacement introduced in each hydraulic cylinder is about 120 mm, while calibrations are applied
considering the different deformation at the forward and aft of the specimen. Combining with the unloaded displacement by elastic
deformation (about 20 mm) in the first half-cycle (see Fig. 28), this loading control keeps the same load amplitude in both directions
for the first cycle (including the first and second half-cycle), see Figs. 11 and 20. Such extent of load can ensure the occurrence of
obvious damage, like plastic deformation and even local fracture, while avoid total collapse of the whole specimen in only one loading
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Fig. 1. Three view drawing of the specimen, as well as the definition of its coordinate system. More details are shown in Fig. 35.
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Fig. 4. Definition of directions, sections and divisions of the specimen. S1, S2 and S3 refers to the sub-sections divided by the frames.

Fig. 5. The divisions and grids drawn on the specimen (starboard). The numbers are the division IDs. The white grid drawn on the specimen has a
distance between lines of about 25 mm (except for that between 1065 and 1125).

process. In the third half-cycle, the displacement introduced in each hydraulic cylinder is about 180 mm. During the test, the loading
speed in hydraulic cylinder is about 0.1 mm/s, by which the load is regarded as quasi-static. The full load history can be found in
section 3.

Due to the imperfections in the specimen and test rig, the specimen can deform unsymmetrically, while the test results cannot be
perfectly symmetric as well. To make sure all the indenters have the highest chance to contact the specimen and introduce loads, at the
beginning of each half-cycle, all the indenters are moved to the positions where they can contact the specimen at the points showed in
Fig. 9. Such calibration of contact is also applied during the first half-cycle and most of the second half-cycle. Relevant results are
further shown and discussed in section 3.
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Fig. 7. Photo of the test layout. The numbers here correspond with the numbers in Fig. 6. The base support structure indicated in Fig. 6 is under the
ground and not fully visible. This photo is taken from the starboard side of the specimen.
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Fig. 10. Turning of the specimen.

Measurement of data

Before the test and after each half-cycle, the outer hull of the specimen is measured along the divisions by laser scanner or laser
rangefinder. Moreover, positions of the stiffeners are measured inside the specimen to indicate the initial imperfections before each
half-cycle. The stiffeners are marked in Fig. 12, with the same coordinate system shown in Fig. 4. The initial deflections of the top of the
stiffeners are shown in Fig. 13. It can be seen that the initial deflections of the stiffeners are mostly less than their thickness (6.16 mm)
within the midsection area. However, large deflection still exists, like the stiffener II between division 3200 and 3300 on portside, see
Figs. 13 and 14.

To record the loads, the force and displacement in each hydraulic cylinder are measured respectively. This measurement also
includes the unloading at the end of each half-cycle, by which the whole load process are be recorded.

Apart from the quantitative measurements mentioned above, videos were also recorded during the test. Hence, the condition of the
specimen, such as deformation, buckling or fracture, can be visualized after the test.

Test results

The results of the test are presented in this section, including the deformation and damage after the first, second or third half-cycle,
as well as the resulting data and relevant calibrations. More discussions about the results can be found in the next section.

Deformation and damage

After the first half-cycle, buckling of hull plates, stiffeners and frames were observed, as well as large plastic deformation, see
Fig. 15, Fig. 16, and Fig. 17. The largest deformation induced by buckling happens in sub-section S2 and S3. Comparably, the S1 is not
very heavily damaged. The extent of damage in these sub-sections are illustrated by the laser scan results of the outer hull surface along
division 1375, 2250 and 2875, see Fig. 18. The coordinate system here is based on that shown in Fig. 4.

The overall deformation of the specimen after second half-cycle is shown in Fig. 20. Moreover, apart from buckling, fracture was
also observed in the second half-cycle, see Fig. 21, Figs. 22 and 23. Since the loading direction of the second half-cycle is opposite to the
first half-cycle, the longitudinal deformation of the box girder is reversed, but the plastic deformation occurred in the first half-cycle
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did not fully “recover” back to what they were before the first half-cycle, see Figs. 17 and 19, whose extent is even higher for the third
half-cycle. The remaining damage can cause additional imperfection to the specimen, such as increased initial imperfection of stiff-
eners, see Fig. 27. This will increase the extent of damage, such as buckling and fracture, in the next half-cycle. Moreover, the
endurance of the specimen, such as the UHGS, is also reduced compared to the first half-cycle, see Fig. 34. This will be further pre-
sented and discussed in the following sections.

Compared with the second half-cycle, due to higher initial imperfection, including the occurred fracture, the deformation and
fracture become more severe after the third half-cycle, see Figs. 18 and 23 to Fig. 26. Considering the Bauschinger effect [30], the
existing plastic strain also contributes to easier follow-up plastic deformation and fracture at the position with large deformation [18].

Comparing the deformation of S2 and S3, the extent of damage in S3 is increasingly higher than that in S2. This is same for material
fracture, which only occurs in S3. In addition, the frame between S2 and S3 also received heavy damage, which becomes increasingly
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Fig. 15. Deformation of outer hull after 1st half-cycle. (a) shows the overall deformation of the specimen (view from starboard), (b) and (c) shows
the local deformation at starboard and top of the specimen respectively.

(b)

Fig. 16. Deformation of the stiffener and hull after the 1st half-cycle near division 2875 from starboard (a) and portside (b).

severe after each half-cycle, see Figs. 22 and 23. Considering the thickness of the frame, it can be inferred that the force applied on the
frame is very high.

During the three half-cycles, the top and bottom in S3 always deform concavely, while the portside and starboard in S3 always
deform convexly. In contrast, the overall deformation of hull plate in S2 is always opposite from that in S3. This is partly due to the
deformation of longitudinal stiffeners, which represent the interaction between S2 and S3.

11
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(b)

Fig. 17. Deformation of the stiffeners on top hull in S2, (a) - (c) refer to the results after 1st, 2nd and 3rd half-cycle respectively. In the picture, the
right side is closer to starboard.

Resulting data

The data collected from the hydraulic cylinders are shown in Fig. 28, Figs. 29 and 30. The hydraulic cylinders are called as “HC”
here. Referring to the positions of the hydraulic cylinders shown in Fig. 9, the force and displacement of the hydraulic cylinders at
forward of the specimen are very similar, which is the same for aft. Therefore, the results are organized into groups for forward and aft.
The group for forward includes HC2 and HC4, while the group for aft include HC5 and HC6. The force of each group is the total force
induced by the hydraulic cylinders, and the displacement of each group is the average displacement of the hydraulic cylinders. It can be
seen from the test results that, the maximum force at the hydraulic cylinders becomes lower after each half-cycle.

Since the force and displacement directly applied on the specimen are different from that measured at the hydraulic cylinders,
calibration is needed. Due to the high strength of test rig (see Fig. 6), during the calibration process, the test rig is regarded as rigid for
force analysis, and pure elastic for displacement analysis.

The force analysis is based on the mechanical equilibrium of the combination of cross beam and load introducer, see Fig. 31. The
displacement calibration includes the deformation of test rig and the geometry relationship within it. The deformation of test rig is
done by FEM analysis, see Fig. 32, where all components are modelled with elastic material and shell elements. As a result, the
calibration of force and displacement are as follows:

_ 6462F — 3542F

y= 2920 @
dy :%JFJ%JFOJW@HO*S 3)
d, = 455%+645% +0.197F, * 1073 4

12
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Fig. 18. Laser scan result for the outer surface of the specimen at division 1375 in S1, 2250 in S2, and 2875 in S3 after each half-cycle. Due to the
limit of range from laser scanners, the surface is not always fully scanned. In all the plots, the upper side refers to the top of specimen, while left side
refers to the starboard of the specimen.

i L \ ‘ ‘
i 1
Fig. 19. During the second half-cycle (a) and third half-cycle (b), the bent specimen once “recovered” back to a “straight” box girder. However, the
damage by buckling did not recover.
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Fig. 20. Deformation of the specimen after the second half-cycle. (a) is from the view of portside, and (b) is from starboard. Since the specimen was
turned for loading, the upper side of the specimen in the picture is its bottom.

Fig. 21. Deformation of the specimen after second half-cycle, from the view of its bottom. Left side of the pictures refers to the forward of the
specimen. Details in division 3000 are also shown here. The fracture 2-1 is also shown in Fig. 22.

14
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Fig. 22. Deformation of the stiffener and hull after the second half-cycle between division 2700 and 3300 on starboard (a) and portside (b). The
pictures are taken from forward of the specimen. The fracture 2-1 is also shown in Fig. 21.

Fig. 23. Deformation of the stiffener and hull after the third half-cycle between division 2700 and 3300 on portside (a) and starboard (b). The
pictures are taken from aft of the specimen. The fractures are also shown in Fig. 24, Figs. 25 and 26.

15
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Q* Fract;; 3—é
(b)

Fig. 24. Deformation of the specimen after the third half-cycle. (a) is from the view of starboard, while (b) is from portside. The fractures are also
shown in Fig. 23, Fig. 25, and Fig. 26.

_ 6962D — 3042D,

= 5
v 10004 dy ®)

_ 6962D,, — 3042Dy

- - 6
Dia 10004 i ©

where dis and dj, refer to the deflection of test rig at the head of indenter on load introducer, at forward and aft side respectively, while
Dy and Dy, refer to the corresponding displacements. D and D, refer to the displacement of hydraulic cylinders at forward and aft side
respectively. The nomenclature for force is the same as that shown in Fig. 31. The units are kN for force and mm for displacement. Based
on the calibration above, Fy, Fi4, Fs and F, for the whole test are shown in Fig. 33, where the positive direction of force is towards
negative direction of the z-axis on specimen (see Fig. 4).

Asis shown in Fig. 33, during the second and third half-cycles, the load applied by load introducer can be as low as zero. This is due
to the unsymmetric deformation of the specimen, which leads to different deformation speed at their contact with each load intro-
ducer. As a result, the contact force between the specimen and load introducer is not always the same on each contact point.

Similar as above, the force at the supports can also be calculated as follows:

4220F); + 1300F;,
T ve— ()]
5520
_ 4220F,, + 1300Fy ®)

o 5520

where Fyy and F, refer to force at support at forward and aft side of the specimen.
Based on the calculations above, referring to the divisions of the specimen shown in Fig. 4, the bending moment at division 1000
and division 3500, which are the two ends of the midsection, can be approximately calculated as follows:

Moo = 0.21F;, — 1.51F;, )
Masoo = 0.21Fy — 1.51F (10)
where Moo and M3so refer to the bending moment at division 1000 and 3500. The unit for the bending moment is kN - m. As a result,
the bending moment vs. displacement is shown in Fig. 34. Here the displacement refers to that at indenters on forward and aft side

accordingly. The positive direction for bending moment corresponds with sagging of the specimen, based on the coordinate system
shown in Fig. 4.

16
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Fig. 25. Deformation of the specimen after the third half-cycle. (a) is from the view of the top. (b) is from the view of the bottom. The left side refers
to the forward of the specimen. The fractures are also shown in Fig. 23, Fig. 24, and Fig. 26.

Discussions

For ultra-low cycle fatigue (ULCF) of large steel structures under alternate loading, not many research works can be found. Existing
research works showed inspiring knowledge about deformation and damage of steel structures under cyclic loads, with moderate
extent of damage, like plastic deformation, occurred during the test [25-27]. However, apart from the damage described in these
publications, more extensive damage, such as large plastic deformation and obvious fracture can also happen during the operation of
ships [7,8]. Hence, it is beneficial to investigate ULCF of ship structures under severe damage, which has not been seen in existing
research works. In this study, an alternately-cyclically loaded four-point bending test is applied to a large box girder to investigate the
ULCF of large steel structure. Different from pulsating loading, damage occurred in this test is induced by alternate cyclic loading. In
every half-cycle, the load was intended to continue after reaching the UHGS of the specimen, which are represented by the history of
force or bending moment. This test can represent the large-extent cyclic deformation and damage between sagging and hogging of a
ship. During the test, the specimen does not collapse totally in only one loading process. Instead, during the cyclic loading, the damage
accumulates in the specimen, causing an increasing extent of fracture and a progressive reduction of UHGS. This shows the gradual
degradation of structural strength induced by plastic deformation and fracture. Such mechanical response to alternate cyclic loading is
relevant to the mechanical descriptions of metal fatigue from an engineering viewpoint [31]. As a result, this test can present the ULCF
of large complex structures or ship hull structures. Considering the number of cycles in the test, this study can bridge the gap between
monotonic overload and ultra-low cycle fatigue.

Considering the bending moment from two ends of the midsection plotted in Fig. 34, the UHGS of the specimen is reduced after
each half-cycle. Considering the large deformations showed in subsection 3.1, such reduction can be caused by multiple factors. In each
half-cycle, large deformations including buckling occur in the specimen, which cause plastic deformation locally. These deformations
bring additional imperfections for the following half-cycles. Moreover, the existing plastic strain reduces local material strength and
leads to fracture, due to the Bauschinger effect. Moreover, taking division 2875 as an example, after each half-cycle, due to buckling
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Fig. 26. Referring to the fractures after the third half-cycle shown in Fig. 23, Fig. 24, and Fig. 25: (a) fracture 3-4, between division 2875 and 3000
on top of portside, (b) fracture 3-3, between division 2625 and 3000 on top of starboard (c) fracture 3-2, between division 2875 and 3000 on
bottom of portside, (d) fracture 3-1, between division 2875 and 3250 on bottom of starboard. The fracture 3-1 is grown from fracture 2-1 shown in
Figs. 21 and 22.
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Fig. 27. Initial deflection of stiffeners on top and bottom of the specimen before second and third half-cycle.

and plastic deformation, the overall height of the section is reduced. Consequently, the components are closer to neutral plane during
the bending. This will potentially reduce the moment of inertia of the section and thus its resistance against bending is reduced. As a
result, during the ULCF of a structure, the UHGS is gradually reduced after each half-cycle.

Apart from the reduction of UHGS, it can be seen from the figures above that, in the second or third half-cycle, the resultant
damage, e.g., deformation and fracture, is higher than those during the last half-cycle. This is also relevant to the factors mentioned
above. Moreover, the loading direction also influences the accumulation of damage. In alternate cyclic loading, since the loading
direction reverses after each half-cycle, the direction of deformation of the specimen also reverses. As a result, the damage in alternate
cyclic loading accumulates in both hogging and sagging direction, which is different from pulsating loading. Due to the directions of

18



S. Song et al. Marine Structures 100 (2025) 103732

2000 200

1500 - 150
ﬁ‘_\ .
- g
< 1000 - 100 g
2 <
s 2

\ 5
_________________________________ =
500 —————————————————————————————————————— -7 50
. —Force Aft
—TForce Forward I
---Displacement Aft
0 - --Displacement_Forward — 0
0 800 1600 2400
Time (s)
Fig. 28. Force and displacement versus time from the hydraulic cylinders, in the first half-cycle.
2000 400
1500 300
)
E
é 1000 —Force_ Aft - 200 %
¢ —Force_Forward E
(5}
E ---Displacement Aft =
. =
---Displacement Forward 4
500 e 100 °
0 -0
0 800 1600 2400

Time (s)

Fig. 29. Force and displacement versus time from the hydraulic cylinders, in the second half-cycle.

damage accumulation, it can be inferred that, existing damage will influence more on the loading with same direction. For example,
referring to Fig. 17, the deformation of the stiffeners occurred in first half-cycle are not “recovered” during the second half-cycle. The
plastic strain occurred cannot be removed as well. Therefore, the specimen is easier to deform during the third half-cycle. This also
explains why the UHGS reduces significantly in the third half-cycle, compared with the reduction in the second half-cycle.

Existing large-scale bending tests often focus on the structure in one sub-section between two strong transverse/vertical stiffeners
[21-23,27]. However, the interaction between adjacent sub-sections during the bending, as well as the damage of the stiffeners be-
tween sub-sections, also have great influence on the overall structural behavior. Since ship structures always include several
sub-sections divided by bulkheads and stiffeners, specimens with multiple sub-sections has higher fidelity for real ship structures. In
this test, comparing the resulting structural behavior in S2 and S3, although heavy damage is mostly concentrated in S3, S2 also
suffered large extent of damage. Moreover, large deformation also occurred on the frame between S2 and S3, which is the strong
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Fig. 31. The designation of forces in the combination of cross beam and load introducer. The relevant dimensions can be found in Figs. 36 and 38.
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Fig. 32. FEM analysis of the cross beam (a) and the load introducer (b). The latter is shown from below.
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Fig. 34. Bending moment vs. displacement for the two ends of the midsection.

transverse/vertical stiffener between them. Nevertheless, compared with S2 and S3, S1 receives very few damages during the whole
test. The three sub-sections of the specimen show very different structural behavior during the test. Moreover, as is mentioned above,
the deformation in S2 and S3 are influencing each other. Considering the overall structural strength, although S1 was not severely
damaged, the damage from S2 and S3 still introduces significant reduction of the overall hull girder strength. These results indicate
that, including more sub-sections will receive more comprehensive results in large scale ULCF test for ship structures.

Conclusions
This study investigates the ultra-low cycle fatigue (ULCF) of large steel structure via experiment. In this study, a box girder with

stiffeners is designed as the specimen to represent large steel structure like ships. During the test, alternately-cyclically loaded four-
point bending is applied on the specimen, with three half-cycles (1.5 cycles) in total. The maximum force and bending moment are
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3725.0 kN and 4842.6 kN-m respectively, thus the specimen shows strong resistance against bending. After each half-cycle, severe
damages are observed in the specimen, such as buckling, plastic deformation and fracture. The existing damage also works as the initial
imperfections for the next half-cycle. Based on the results of the test, conclusions are summarized as follows:

e For box girders and ship hull structures, further load after UHGS can cause severe damage to the structure, such as buckling, plastic
deformation and even fracture. These damages are very possible to reduce the UHGS of the structure during cyclic loading.

e Apart from the reduction of UHGS, for the already damaged structures, once the UHGS is reached again and load continues, the
follow-up damage will become more hazardous. Consequently, the structure is easier to be damaged by bending, while the extent of
damage also accumulates and becomes higher, making the structure gradually weaker than before.

e Loading direction influences the damage accumulation and material behavior of the specimen in ULCF. In this study, alternate
cyclic loading is applied, which can include both hogging and sagging of the specimen. Due to the opposite loading direction
between each half-cycle, the damage accumulation and its influence on following loading process is different from pulsating
loading. Moreover, existing damage accumulated in one loading direction will especially influence the loading and reduce the
UHGS with the same direction.

e Comparing the test results in different sub-sections, the specimen shows strong asymmetry during the whole test. Moreover, despite

the differences, the structural and material behavior in the three subsections still have close relations with each other. Such

phenomenon is not often observable in other tests, which is due to the relatively simple structure of test sections. Therefore, for

ULCF test of ship hull structures, multiple sub-sections should be included in the specimen to reveal more comprehensive results.

Considering the contrasting structural behaviors of the sub-sections in this test, at least three sub-sections are recommended to be

included.

In this test, the load is introduced via four individual hydraulic cylinders, which increases the complexity and uncertainty during

the test. Hence, calibration for the retrieved data is very important to correctly describe the test results.

e For ships in practice, although their structures are always designed to be strong enough for their lifetime service, accidental loads or
undesired structural weaknesses still cannot be fully avoided nowadays. More investigations regarding their UHGS and post-
accidental structural behavior, which are relating to ULCF of the structure, should be carried out.

The result of the test shows the structural behavior of a large complex structure suffering severe damage during alternate hogging
and sagging after reaching its UHGS, which corresponds to the consequence of ULCF. The presented ULCF test also provides expe-
riences for investigations of large complex structures with existing damages or after accidental loads. Considering the number of cycles
in the test, this study can bridge the gap between monotonic overload and ultra-low cycle fatigue. Since the damage in this test consists
of complex local material behavior, considering the uncertainty of the post-buckling or even post-fracture structures, it is challenging
to fully clarify the material behavior in the specimen. In this case, further investigations should be made, such as high-fidelity FEM
analysis of the test, or other follow-up tests.
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Appendix 1. Design details of the specimen and test rig.

Table 1
The components of the specimen.

ID Amount Name Dimensions (mm) Material

1 4 Transversal frames 8.24 x 734 x 1195 Grade A36

2 1 Deck 5.66 x 1225 x 2488 Grade D36

3 1 Bottom 5.66 x 1225 x 2488 Grade D36

4 1 Side hull (portside) 5.66 x 734 x 2488 Grade D36

5 1 Side hull (starboard) 5.66 x 734 x 2488 Grade D36

6 4 Flat plate 60 x 6 — 5500 mm 6.16 x 60 x 5500 Grade A

7 8 Flat plate 60 x 6 — 4500 mm 6.16 x 60 x 4500 Grade A

8 1 HEB 800 — 1750 mm Standardized. $235 JR
(portside, aft)

9 1 HEB 800 - 1750 mm Standardized. $235 JR
(starboard, aft)

10 1 HEB 800 — 1750 mm Standardized. S235 JR
(portside, forward)

11 1 HEB 800 — 1750 mm Standardized. S$235 JR
(starboard, forward)

12 1 Connection plate 20 x 900.5 x 1000 Grade A36
(aft, upper)

13 1 Connection plate 20 x 900.5 x 1000 Grade A36
(aft, lower)

14 1 Connection plate 20 x 900.5 x 1000 Grade A36
(forward, upper)

15 1 Connection plate 20 x 900.5 x 1000 Grade A36
(forward, lower)

16 8 Stiffener for HEB 20 x 141 x 734 Grade A36

17 4 Stiffener for HEB 20 x 141 x 734 Grade A36
(with holes)

18 4 Stiffener for HEB 20 x 141 x 734 Grade A36

(for transversal frames)

23



S. Song et al. Marine Structures 100 (2025) 103732

T-T(1:20)
Frame connected
(6000)
5500

P-P(1:20)

AA —=
o R =

195)

. . @ o0 EONN"OI=0) ©) ™ ®

k T |
v — W —’1 AA —=] A
m_'b‘ e 0 0 0)
AC-AC (1:20) 53 o
A mso 0 2] 2500
AH
L / AJ 2 7
AE AE
AE
AB
(o}
’
AF
(o]
9
V-V (1:10) ® @ AA-AA (1: 10
G 205 | w0 | om0 | 20 | 245 | W-W (1 10)@ 0 \m{ ( ) S")
k] | /
AE A s / ] = |
%\E FT T T T L . Fe | 73
g Noass 1 s 5 po- i SN s
! 7 9005 N 12 D\ L : _ T
= ! -
N Dass
e A 2 g NP 1 o=
© | o] = N = i W
3 A 1) 18— 16 ! e
Nl Rl 1 Q| . @ =2 | Ogu S C ()
- t1ss) 4 @ L
G o ®
s

Al(1:1) AG(1:2)

’——‘L, O] ®
) Ly

Fig. 35. Sectional views and local details of the specimen. The section line P-P and AC-AC are defined in Fig. 1.

AH(1:1) Applies to a1l franes

Seal welding

24



S. Song et al. Marine Structures 100 (2025) 103732

3000 2620.0 _ 2800 4500 1825
[}
> 15.0 27.0
!
J U J
15.0
View from boftom
i
A-A (14) B-B (1:2)
p—
| .
T ‘ 82.0 1L
h—m (
‘ k/11/< 77774
A S
!
O O
o
!
Fig. 36. Design of the load introducer.
R195.6 R195.6
=
Il
put
o~
$2000  / -
[¥a)
) N
e
=4
=
$200.0

Fig. 37. The design of the support head (left) and the indenter (right).

25



S. Song et al. Marine Structures 100 (2025) 103732

Fig. 38. The dimensions of the cross beam. The connections with the hydraulic cylinder are not shown here.

Data availability

Data will be made available on request.
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