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ABSTRACT: An experimentl study is presented of a box girder made of mild steb]estted to pure bed-

ing moment. The moment curvature curves are predaitowing for the analysis of elastic-plastic &ebr

until collapse, the evaluation of the ultimate hagdnoment and post collapse behavior. The resisinass
relief during loading and unloading path is alsalgped. The results are compared with a test dm#éas

box girder made of very high tensile steel.

1 INTRODUCTION plate and columns slenderness and this call for new
experimental results, covering the appropriate eang
The evaluation of ultimate capacity of ships undeof the governing parameters of the plating.
bending moment is a very important issue for the In this study the behavior of two box girders
structural design. It is associated with a gloladll f made of different material but with the same con-
ure of the hull and the final result is normallyeth figuration is compared. The results on the collapse
loss of the ship, its cargo and human lives. of a box girder made of high tensile steel already
In the last years several works have been done grerformed are now complemented with a new ex-
the subject, most of them on the evaluation ofulhe periment on a similar specimen but made of mild
timate bending moment of ships made of normasteel under the same conditions in order to have a
mild steel. The existing calculation methods may begood basis of comparison and to establish experi-
divided into two groups: finite elements methodsmentally the effect of material properties on tié& c
and simplified methods. There has been a great atapse strength.
tivity and comparison between the different methods
is available in the literature (Yao et al. 2000).
The development of the design of structures un2 HULL STRENGTH EVALUATION
der bending has been made on the assumption that
the structure can be divided into several simpfé st There are several methods available to evaluate the
ened plate elements that act independently. The aulimate moment in sagging or hogging that a hull
thors have been working on a method based on thes®ay sustain. The authors have been working on a
assumptions (Gordo et al. 1996), which has beemethod (Gordo et al. 1996) that is able to preitiet
validated against data from a full scale accidenbverall behavior of the hull under bending moment.
(Rutherford 1990) where the loading conditionsThis method predicts not only the ultimate bending
could be well established and compared againshoment but also the pre and post collapse behavior.
some small scale experiments of models represerit-considers all the modes of collapse of the stmac
ing simplified typical sections of ships (Dow et al and it also includes an algorithm to deal with desi
1981, Faulkner et al. 1984, Gordo & Guedes Soarasal stresses and corrosion.
1996, Nishihara 1984). The results of these compari This method and the software that has been de-
sons showed that the method can be used confreloped to implement it, proved to give good predic
dently on typical hull configurations and for nodma tion for normal steel ships when compared to the
steel. tests and hazards examples available in the litera-
Changing the material will affect the non dimen-ture.
sional slenderness of those plate elements ledading In order to provide data for those comparisons a
different collapse strength despite using the samplan of experiments was developed for box girders
geometry. The use of steel of much differentsubjected to pure bending moments. These box gird-
strength will induce collapse at different levels o ers may reproduce in a simple manner the behavior



of the ship’s structure under bending, allowing the2.2 Assessment of the hull girder strength
identification of the differences of using mild ske

or high tensile steel, widening the range of vajidi

of the method and covering the behavior of pankls
high column slenderness.

The typical element of the box girders is a plat
with a bar stiffener which has been proved to Ipe re
resentative of the actual type of structure of 'ship M = [(z-z ) (2) WA= S (z -z )& (2 1
hull (Gordo and Guedes Soares, 1993). In order to ',[( ) (2) 2(a-2)w(z)m O
obtain information about the carrying capacity of . :
different panel arrangements, like plates reinforce Where the average stresen the stiffened panel is a
by complex stiffeners, another series of experimentUnction of the average strainand the latter is de-
has to be planned due to the geometric limitation@€ndent of the location of the element and of loca-
for the reproduction of such scantlings at the gmes 10N Of the neutral axiz,
scale and limitations on the total loading that oneg(z )= f(g,) and ¢ =g(z,z,) 2)
may use in these box girders experiments.

The ability of the hull girder to sustain applieehiol-

ing moment may be understood as the summation of
Sndividual contributions of each stiffened plate-el
ment that one may subdivide the entire cross sectio
Setween two frames. This can be expressed as:

The main difficulty of this approach is to know the
. . relation between the stress and the strain ovarge |
2.1 Main parameters of the structural design range of strains including pre-collapse, collapsé a
The main parameters affecting the structural desigpost-collapse. The importance of the last region
of ship hulls subjected to bending moment are theomes from the buckling of some elements before
plate and column slenderness, because they affeitte ultimate bending moment is achieved.
directly the effectiveness of the panels under com- The relation mentioned above depends on many
pression. These parameters are defined as follows: parameters including residual stresses due to weld-
; ing, geometric imperfections, transverse suppoet du
) _b [0y to frames rigidity, etc. Other effects to be corsad
Plate slendernesp,= t \/Z are 3D effects or the lack of support on the middle
the large panels. Because the relation betweessstre
\/GT, and strain is far from being linear the positiorthu#
E

a
- Column slendernesg, = —

r

neutral axis of the whole section is changing with
the loading and must be computed step by step.

and they depend directly from the geometry of the The stress-strain curves may be obtain_ed from a
structural elements and from the material propertie data base of pre-calculated load-shortening curves

The geometric characteristics of interest are th&SMith 1977) or by approximate methods (Gordo &
width (b) and the spare of the structural elements, Suedes Soares 1993, Yao & Nikolov 1991) based on
as well as their thickness @nd the radii of gyration the empirical formulas for the ultimate strength of
(r) of the cross section of the stiffener with an apPanels under axial loading. Normally the design
propriate associated plate. Other geometric charaf?€thods used for that purpose are: Faulkner's
teristics may affect the behavior of the stiffeier Method, Perry-Robertson method and the critical

special cases. This may occur when the stiffiener Rress for use as serviceability limit. These mesho
very weak or it has low torsional rigidity, promugi &€ already described in detail in Gordo & Guedes

a different mode of collapse known in the literatur Soares, (1997).
as tripping.
The material properties of interest are the yield
stress ¢,) and the modulus of elasticity (E). The 3 TEST OF N-200 BOX GIRDER
shear modulus of elasticity (G) has some influence
on the tripping stress of the stiffener. Also tlaune
of the stress-strain curve of different steels raky 3.1 General information
fect the elasto-plastic behavior of the structedat _ _ _
ments under compression, especially concerning oh’€ Pox girder is made of mild steel of 270 MPa
having or not having a constant yielding stress. yleld stress and the Young modulus is considered to

For the same geometry but changing the materid€ of 200 GPa. The specimen has five frames corre-
of the stiffened plate element, if the plate ané co SPonding to four frame spacings of 200 mm each

umn slenderness increase this will lead to a weakénd a total length of 1400 mm, because there is 100
structure with lower buckling and ultimate stresses MM in each side of the top frames to allow thesedi
tribution of stresses. The model has a nominaltwidt

of 800 mm and a nominal depth of 600 mm. The
longitudinal stiffeners are five in total on thepto
panel 150 mm apart from each other.



A similar experiment is presented in Figure 1,

showing the welding connections to the supporting = A= wwess o aa

side structures. . B - n
3.2 Type of experiment >M

The tests consist on a four point bending of a beal poee
like box girder. The beam is divided into threetpar — Siman s e Iy : ‘

two symmetric supporting parts and in the middle **— * - -
one has the box girder model. Figure 3. Geometry of the box girders.

The box girder is subjected to pure bending mo-

ment, inducing tension on the bottom and compres-
sion on the top of the box.

3.4 Experiment of Box-Girder N200

The box girder which was denoted as N200 was
tested applying four cycles of loading followed by
discharge as shown in Figure 4. The first cycle
reached the total vertical load of 250.5 kN with a
corresponding vertical displacement at the loading
point of 10.16 mm. The following cycles achieved
501.1 kN at 23.87 mm, 619.6 kN at 37.68 mm and
the maximum load was 643.0 kN when the vertical
displacement at the loading point reached 45.3 mm.

700

Figure 1. Supports and model during manufacturin.

3.3 Geometric properties of the models

The model is made of 4mm thick plate. The spacing 7 4 N\ N
between stiffeners is 150mm, Figure 2, which leads*™ | 7 1 7~ . Y AR
to width to thickness ratio of 37.5. The span befwe ool - -~ A/ . 1 :L ,,,,, Lo

frames is 200m, Figure 3. The nominal column slen-g
derness covered is from 0.97. The estimated platé
slendernesp is constant and equal to 1.38 with/a 200 |
of 37.5, which a very common value in ship struc-
tures. .
The stiffeners are bars of 4 mm by 20 mm, lead- o+ ‘ ‘ ‘ ‘ ‘
ing to a cross sectional area of 680 nfior each ° 10 Vertical Displasement (. % %0
relevant stiffened plate element. The plating aka Figure 4. Vertical load versus vertical displacetmen N200
the stiffened plate on the top panel is 600 test
the stiffener area is 80 nfm
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The different cycles of loading allow identifyinga
1 20efrd 50 150 150 150t t T guantifying the shakedown of residual stresses due
to plastic deformations on the initially high ssed
parts of the box girder due to manufacturing. As
known from the typical residual stress pattern, re-
gions close to the welding are in tension with
stresses close to the yield stress of the material.
Thus, when these regions are loaded with external
tensile loads they just yield at the squash stress
without supporting any further load but retaining
= : some permanent elongation. When the load is re-
moved, the stress in those points reduces according
to the Hooke’s law.

The final result for the next cycle is to have a
higher effective structural modulus in the initial
400 400 stages of load until the load reaches the maximum
Figure 2. Cross section of the box girders. level of load of the previous cycle. After that i

the same process repeats resulting in an incrdase o
the shake down of residual stresses until theypeisa
pear completely. However, note that this process

&00

!
|
Q—EUD—GJ




only occurs on the panels under tension due to the The ratio between the left and right rotations,
bending of the structure. which is the same as the ratio between the cumstur
If the structure has asymmetric welding, which ismeasured at opposite sides of the box, is plotied i
the case for these box girders, the load may beconfégure 7. One may note that this ratio tends to be
unbalanced leading to the rotation of the strugturestable after the first cycle of load. The ratio the
even if the structure is symmetric. That seemseto bloading path of one cycle tends to be the sambeof t
the reason for the differences on the measuremenisloading path of the previous one, which means
of the displacement transducers that read theiootat that the loading is in the elastic but not lineange
of the box girders during the first cycle of loaglin until the previous maximum load is achieved. The
as represented in Figure 5 by Rot_L and Rot_Rnaximum correlation is above 0.7 on the second cy-
transducers. These two transducers are used ¢te, but has lower values with reduction of thedloa
evaluate the curvature of the structure at eactt-loa
ing step and they are located on opposite sidédseof
box. If one has no transverse rotation of the hext
the readings should be the same in both transducers_2s |
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As may be seen from the figure, the left transducer £ — 2nd Cycle
Rot_L, remains almost unchanged, while the right € 3rsCyc:e”
——4th Cycle |- —
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transducer displaces until 2 mm during the upload-
ing and keeps some permanent of 0.3 mm after the
downloading. Since there is a welding on the right
side most probably this behavior comes from the *°, 0 .0 a0 40 oo e 700
yielding of the welding in the early stage of thad- Load (KN)
ing due to residual stresses. Figure 7. Ratio of rotations measured in each sfdae model
Disp_L and Disp_R represent the vertical dis-
placement at the opposite tops of the box an . .
Disp_1/2 gives the vertical displacement at middle’-> Moment curvature relationship
length of the box. As expected the top transducensaving the load and rotations, it is possible ta-ge
give the same readings due to symmetry and therate the curve that relates the applied bending mo
middle transducer gives higher values than the toment with the curvature. That relationship is @dtt
ones due to curvature of the box. Again there @re rin Figure 8 where the curvature is the averageasurv
sidual values after discharge meaning that plagtici ture of whole box girder. It can be seen from fige f
and stress relief have occurred. ure that if no discharge was done then the regultin
Figure 6 shows the measurements of the dismoment curvature relationship would be the upper
placements of rotation at the sides of the boxtier envelope of the four cycles of loading. In thatecas
whole experiment. The differences between thehe behavior would be elasto-plastic in the whole
readings increase with the load and the cycles Alsrange of the curvatures due to permanent plasticity
the permanent set of displacements after the unloadn the welding regions of the panel under tension.
ing of each cycle increases to very high values. It But the intermediate discharge of loading be-
shows that elastic-plastic effects become more imaween cycles cancels the direct effects of theluzdi
portant as the applied load increases and appreachstresses during the following loading path and that
the ultimate load. allows identifying the elastic behavior of the stru

o2+----—--"—-—-"—-"—"—-"—-"-"-"fP-"—"—"—"=—"—"—"—"—"—"—"—"—"—"y—~"——-
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ture free of residual stresses. The linear natiitekeo  On the first cycle the effective structural modulus
relation between the bending moment and the curvdras initially very high values with large scattest b
ture is perfectly identified in the third and fortly-  reduce rapidly due to the plasticity developedfan t
cles of loading; on the second cycle, the translerswelding of the panel under tension and rearrange-
rotation of the box already mentioned before introiment of the initial imperfections of the box. Oresh
duces non linear effects when the average curvatute note that the loaded box has panels under tensio
calculated from the two rotations is used. where the initial imperfections tend to reduce with
This affects directly the performance of the effec-increasing load and panels under compression where
tive structural modulus, which is the slope of thethey tend to increase; these panels are conneated a
bending moment curvature curve. the performance of one affects the behavior of the
adjacent one. The discharge presents a higher value
‘ than the loading and the scatter reduces very much
; meaning that the geometric deformations are stable
B during the discharge.

£ R / B EE—— J— Figure 10 compares the evolution of the structural
Twodl A e modulus during the loading path only, for the diffe

g 0 e andeycke ent cycles. There are two main tendencies to be ob-
S B/ ARRREY /i o ovce served: the constant value of the structural madulu
E AR /N N I S — in the range of loading already reached in previous

| cycles, between 70 and 80 MRmand a lower
; evolving curve corresponding to an experiment with
: : : : only one cycle of loading.
0015 002 0025 003 0035 004 This lower curve is always decreasing smoothly

_ cunature adm) _ and vanishes at the ultimate bending moment where

rather interesting is that the curve is almostigitta

from the maximum load of the first cycle until the
3.6 Effective structural modulus collapse. This straight line intercepts the y aatis

value similar to those found for the effective stru

Figure 9 shows the effective structural modulugy,ra| modulus in the elastic range after shakedofvn
against the applied bending moment for the four cyrasiqual stresses.

cles of loading. The nominal structural modulus is
El, as known from the linear elastic beam theory,
where E is the Young modulus of the material and | ;|
is the moment of inertia of the cross section & th

box girder. The nominal structural modulus is the € | i e
maximum value that one may expect for the effec-£ 101 o Y
tive structural modulus. Due to initial imperfect® ;
and residual stresses that cause a decrease iin the
gidity in the load shortening curves of the parletd
constitutes the structure, the effective structural g 40
modulus is always less than El. 20 |
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Figure 10. Structural modulus during loading pdtthe cycles
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4 COMPARISON WITH VERY HIGH TENSILE
STEEL BOX GIRDER

Structural Modulus (MN.m2)

The experiment described above is now compared
with a similar one with a box girder made of high
‘ ‘ ‘ ‘ ‘ ‘ tensile steel (Gordo & Guedes Soares, 2006). This
0 100 200 300 400 500 600 700 model, designated as H200, has an identical configu
Bending Moment (KN.m) ration of the N200 box girder by the nominal yield
Figure 9. Effective structural modulus for the eiint cycles  gtress of the material is 690 MPa.
on load and unioad. The setup of the test is presented in Figure 11
where one may identify the loading device com-




posed of two hydraulic cylinders and one of the-supafter each cycle are much higher for N200 (Figyre 4
porting structures, being the other symmetric ie th than for H200. In fact the energy dissipated on the
one. initial cycles of high tensile steel box is verywlo

The box H200 shows a sharp discharge immedieompared to the energy dissipated on the mild steel
ately after collapsing at approximately 40mm of abspecimen. This energy is measured by the area in-
solute vertical displacement (Figure 12). Before th volved by the whole cycle. There are two main rea-
collapse and after the maximum loading point of thesons for this result: the material properties wih
last cycle of loading the curve reduces its slopespect to ductile behaviour is different for the two
which may mean that the plasticity is spreading irkinds of steel and the manufacturing was made in
some parts of the box where residual stresses adéferent factories with different technologiessué-
higher. ing in different levels of residual stresses.

The maximum load achieved in each actuator was The discharge of load after collapse is more
459 kN at a global displacement of 39.5 mm. Thisabrupt on the high tensile box than on the N20Q box
means that the total vertical load supported by th&his is an expected result since the slenderness of
box was 918 kN. This is 43% more than the ultimatéhe panel in compression is higher for the H20® tha
load of the mild steel box N200, which collapsetwit for the N200 box girder. More than that, the dis-
a total load of 643 kN at 45.3 mm of vertical dis-charge was continuous on the mild steel specimen
placement. but it was of snap-through type on H200. This can
be observed by the vertical discharge of load at al
most constant displacement in Figure 12 or by the
very large increase in curvature after collapse in
Figure 13.

This last figure represents the relation of the ap-
plied bending moment to the curvature and it con-
firms the comments made for the load displacement
curve.
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Figue 11. Test on a box girder. Setup of the fresh experi- 400
ment on FasdHTS project on high tensile steel speri 200
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Figure 13. Bending moment average curvature reighiigp for
box H200

The structural efficiency can be defined as a meas-
ure of the performance of one structure comparing
the ultimate bending moment with the fully plastic
bending moment for that particular structure,;i/
The global structural efficiency compares the per-
‘ ‘ ‘ ‘ formance, in this case the ultimate bending moment,
Vertical Displacement (mm) of one structure made of one type of material with
Figure 12. Load displacement curve in one actugtalf total the fully plastic bending moment of a similar struc
load) for H200 box ture made of normal steel,\d _
The ultimate bending moment of the H200 box is
There are several differences between the shapes 26 kN.m which compares with the maximum
the curves. First of all, the vertical displacemeht Value of 643kN.m obtained for the N200 box. The
the mild steel box N200 is higher than that of H20datio between the two values is 2.37 while theorati
box due to much higher development of plasticity inP€tween the nominal yield stresses of the two mate-
the N200. This may be observed comparing the préals, respectively 690 and 270 MPa, is 2.56 and so
collapse cycles noting that the residual displacgme ON€ may conclude that the structural efficiency of

Load (kN)




the panel in compression made of high tensile ste®@EFERENCES
is lower than the one of mild steel as expected.
Table 1 presents the comparison between the teddow, R., Hugill, R., Clark, J., & Smith, C. 1981v&luation of

showing that, apart the slightly lower structurtil-e U'“’T‘atelzgplzg“ strengtiExtreme Loads Response Sym-
. .. . . posium - .
clency, the Q'Ob"’})' efﬁC'enCy. of the hlgh _tenS|tee§ Faulkner, J. A., Clarke, J. D., Smith, C. S. & Haelr, D.
is very good:128% of the mild steel efficiency. 1984. The loss of HMS Cobra - A reassessmergnsac-
_ tions of RINA127:125-151.

Table 1 - Comparison of test results. Gordo, J. M., Guedes Soares, C. & Faulkner, D. 1996
Box Girder Identification H200| N20Q proximate assessment of the ultimate longituditi@ngth
- - of the hull girderJournal of Ship Researchd0(1):60-69.
Yield bending moment (kNm) 1711 669 Gordo, J. M. & Guedes Soares, C. 1993. "Approxintasel
Ultimate bending moment (kNm) - )M | 1526 | 643 shortening curves for stiffened plates under umlagom-
Grieidl O 256 1.00 pression"Integrity of Offshore Structures — B, Faulkner,
yeld N — M. J. Cowling A. Incecik and P. K. Das.; (Eds) Gjag.

Structural Efficiency: Ni/Murs 0.89 0.96 Warley, U.K.: EMAS; 189-211
Global efficiency of HTS: M¢Mus 2.28 | 0.96 Gordo, J. M. & Guedes Soares, 1996; C Approximat¢hod

to evaluate the hull girder collapse strendfarine Struc-
tures 9(1):449-470.
Guedes Soares, C. & Gordo, J. M. 1997. Design MistHor
CONCLUSIONS Stiffened Plates Under Predominantly Uniaxial Cosspr
sion.Marine Structures10(6):465-497.
The tests showed that the performance of the bdgordo, J. M. & Guedes Soares C. 2004. Experimdfialua-

; tion of the Ultimate Bending Moment of a Box Girdeta-
girders are as expected and the performance of the fine Systems and Ocean Technoldbyl): 33-46.

high tens_"? steel model IS very gOOd, Obta'”'”g &ordo, J. M. & Guedes Soares C. 2006, Tests omali
global efficiency of 2.28 while the maximum avail-  strength of hull girders made of high tensile st&lbmit-
able is 2.56 due to the difference of the yieleésdr ted for publication.

of the two different materials employed. The lowerNishihara, S-t '13\?4Jltlir2\at?1 |gngitudiﬂaE| Stfeggztg 63(1; gi—ship
value results from the effect of the increase am th_ Cross sectiorNaval Arch. & Ocean Engngzz:200-214.
column slenderness of the panel under compressioﬁl,‘tgtfgr?é?ﬁ f’)% Eh%sc a;d(\;\gg ‘l‘ﬁ&jﬁfﬁ’é’,&%@%ﬁ“ﬂﬂ
as expected. 471,

Residual stresses are very important in this typ@mith, C. S. 1977, Influence of local compressaitife on ul-
of experiment and the moment curvature curves de- timate longitudinal strength of a ship's hufioc. 3" Int.
pend very much on their level according to the %’E;F(’)Ojgfggon Practical Design in Shipbuilding (PRSD
hmaii:/r;Uf:C;l(J)r(l)rég u?]i:loecrif:h dll_:]ogwg;/et;]elt blghg\?lf)srlb(lfe tﬁ{e{ao T, et al. 2000. Ul'timate hyll girder strengBrpceedings

- > - of the 14th International Ship and Offshore StruesuCon-
structure without residual stress by performingga s  gress (ISSC)Nagasaki, Japan, 321-91.
ries of loading cycles prior to the collapse of theyao T, & Nikolov, P.I. 1991, Progressive collapselysis of a
structure. With those cycles one removes the resid- ship's hull under longitudinal bending. Soc. Naval Arch.
ual stresses on the panels in tension allowinghfer of Japan170: 449-461.
observation of the elastic behavior of the struetur

The column slenderness controls the type of col-
lapse of the structure: high column slendernessislea
to more sudden collapse, follow by large discharge
of load during the failure of the structure. Thasw
found during the experiments and it is represented
by the shedding pattern of both experimental mo-
ment curvature curves.
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