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Abstract To understand behaviour of longitudinally stiffened plated girders subjected to high bending mome
and shear forces, four tests on large scale test specimens were performed. The results of these tests were
to verify th numerical model, which was employed for further parametric studies. With a verified simplif
numerical model a parametric nonlinear analysis was systematically carried out to determine the resistan
longitudinally stiffened plated girders. B&3€dnoimerical simulations a new equation for interaction at high
bending moments and shear forces is proposed, as is the section, where the check should be performec
extensive reliability analysis of five different design models was madd9p81-hiatEfdction model,

the proposed new model, the grosssectise bending resistance model and two models, which are a
combination of the fiste.
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1 Introduction

In EN 19985 [1] the interaction of bending moment and shear forces in the panel takes into account tt
gradient of bending moment. Therefore the-sheai@teraction is checked at a distaihg stbm the

most stressed edge of the panel. The interaction rule given -5E#OEDIDt distinguish between
longitudinally stiffened girders and longitudinally unstiffened girders. The intenaEtibt G8B-buleas

verified [2] on longitudinally unstiffened girders against experimental tests and numerical simulations. The
and numerical simulations confirmed its validity. Aftet-EMd998blished, some doubts have been risen
whether theame interaction formulation can also be used for longitudinally stiffened girders, especially beca
this formulation results in much higher resistance than interaction formulations in some national standards li
54063 [3] and DIN 18800 [4]. Tercthis gap experimental and numerical analysis of the problem was
performed.

2 Experimental program

The aim of four full scale tests was to examine a characteristic behaviour of longitudinally stiffened plated g
under high bending and shear lahtbaee, whether the current design rules given in1ENait®93
adequate. Further on, the test results also serve for the verification of numerical models.

The tests were performed on two girders stiffened with transverse and longitudmaiastiffehers. O
them two panels were investigated in the area of high bending and shear load. One girder was mad
symmetric cresection and the other one of unsymmetrectioss The transverse stiffeners, which divided
the girder into panels, wereuled as rigid to prevent interaction between adjacent panels. The transverse
stiffeners were designed taking into account deviation forces and tension field action in accordance witl
199315 with analytical model given in Johansson et al. [alivEheeraling stiffngssf longitudinal
stiffeners was designed to prevent global buckling of the whole panel due to shear load. All four tests ce
defined as follows:

- Symmetric Plated Girder with Open Stiffener (SO)
h,/t,=214,a =1,0, g 415

- Symretric Plated Girder with Closed Stiffener (SC)
h,/t,=214,a =15, g 95,7

- Unsymmetric Plated Girder with two Open Stiffeners (UO)
h,/t,=300,a =10, g 52,1

- Unsymmetric Plated Girder with Closed Stiffener (Uo

h,/t,=300,a =15, g 437,
2.1 Girder dsecription and material

The length of the tested girders wi&9) Ih and BP5 m. Ifrigure 1 and Figuréh tested panels are

noted as SO, SC, UO and UC respectively. On a girder with syrseetan ptotedRigure ith total

height of 8 mm panels SO and SC were tested. The centre of gravity of the longitudinal stiffeners was for |
tested panels SC and SO positioned in the compression zone of the web, 350 mm from the upper flange
web in the part of the tested panels SO @gagl&Cljvas 7 mm thick, which resulted in global slenderness

of hw/tw=214. Doubl e si dewtretsedamapplyextesnal loddlintota girslar i f f
in the region of concentrated load. With additional transverse stiffenels aft thetlgirder the rigid end

post was assured. The panels UO and UC were tested on girder with unsgettietrievithod®e total

heighof 1840 mm as showFigure 2ZThe web thickness of the tested panels was 6 mm. The unsymmetric
crosssecion was chosen to gain a larger compression area of the web, which consequently also resultec
higher compression force in the stiffeners. The positioning of the stiffeners at the compression part of the we
be seen ifigure 2The transverse stifes were designed in the same way as in case of symmetric girder,
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which resulted in stiffener with di mensions of
Table 1.

Tablel - Geometry of the tested steel plitders [mm]

Web Upper flange Bottom flange Longitudinal stiffener
Specimer hy tw a bx1 ti bx. tr2 Hi  hy o tsl
SO 1500 7 1500 320 22 320 22 / / 90 10
SC 1500 7 2250 320 22 320 22 160 80 80 5
uo 1800 6 1800 250 20 450 20 / / 100 10
uc 1800 6 27® 250 20 450 20 300 180 80 5
41 ;%ad X lateral restraint
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Figure2 - Girder geometryUnsymmetric crossection

Table2 summarises the mechanical properties obtained frogionthtests for the web plate and
flanges. The yield stresses and the ultimate stresses were defined as the average values of three tension
per each plate. The average reduction was calculated as the ratio between all measured static and dynamic
stresses. Dynamic yield stresses obtained by standard tension test were then reduced by the average red
factor to final static yield stresses, which are later used in FEM calculations.

Table2 - Results from tensile couptasts in plates

Plate  Ryo2Yield stress RnUltimate stress Average reduction pf;R Static yield stress

6 mm 405 MPa 539 MPa 376 MPa
7mm 391 MPa 561 MPa 719 % 363 MPa
20 mm 375 MPa 543 MPa ' 348 MPa
22 mm 354 MPa 536 MPa 328 a
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2.2 Test procedure

The tests were performed as three point bending tests under stafigload3 (s¢doth supports, the
rotation around the axis perpendicular to the web plane and movement along the longitudinal axis were all
The load was applied by hydratdater with maximum capacity of 3000 kN using a displacement control.

Figure3- Test seup dlaboratory

After the test girder had been positioned in the testing frame, it was loaded up to approximately 159
anticipated maximum load, whicstivas elastic randgdter the preloading phase, the real test of the girder
followed by applying static load in steps. The displacement velocity of the vertical displacement under hyd
actuator was limited to 0,05 mm/s in elastic range sed i0ddeE0 mndfer the plastic response had
been observed from the ftisfgacement curve. In selected load steps the loading was stopped to obtain static
response of the girderdéds resistance.

2.3 Instrumentation

As the test progressed, strains, dimglars and forces were continually measured. The strains in flanges,
transverse stiffeners and longitudinal stiffeners were measuredaxalsingiugiauges, whereas at some
selected locations in the web rosette strain gauges were usediomseiéflegirder as well as out of

plane displacements in some characteristic points were measured by using displacement transducers (L
and digital dial indicatBletogrammetric method was used to determine displacement field of the tested pane
at different loading levels. For this purpose the panel was painted white and marked with black crosses. Cr
were positioned to f or iguse 44tdhesa ponts the displacgmentsn0all 1 0 0
three directions were trackedcht €ap of the loading. Pilot measurements showed that the accuracy of
photogrammetric method was below 0,2 mm.

a) Panel marked with black crosses b) Position of the two digital cameras

Figure4 - Setup of tested panels for photogrammetry

Beg, D; Sinur, F
http://dx.doi.org/10.13167/2011.3.8 100



Bioj 3, godina 2011 Stranice 9712

Bending shear interaction of longitudinally stiffened girders e-LFiE"

2.4 Initial inperfections

The initial imperfections have to be properly considered in numerical model verification. The most important
imperfections present in plated girders are geometrical impeaiedtimsgdual stresses. The initial

geometric imfections were measured in all four tested panels, while residual stresses were measured only
one crossection.

2.4.1 Geometrical imperfections

The initial geometry of the tested web panels was precisely determined by employing photogrammetric me
In dl other regions the geometry and imperfections were measured using laser distance measuring device.
3D data for mat determined by digital l'inear tr
MATLAB 4 griddata method.

Figure 5aepresentiitial imperfections measured on tested panel SO. The maximum imperfection is
observed in the largest subpanel with the amplifjd® ofm. The web plate is much less imperfect near
longitudinal stiffener. Along the stiffener the maximum dévéionnofis obtaindithe measured
imperfections of panel SC are ploféglme 5bThe shape of initial geometry is similar to panel SO with
maximum amplitudes79 mm observed in the largest subpanel. The maximum amplitude of the smalles
subpanel as 1,85 mm and was obtained at the left side of the plate. As in previous case, the shape
imperfections was a wave in the largest subpanel, which straightened as it approached the longitudinal sti
and passed over to another wave in the snallezl shbing oriented at the opposite direction.

a) Panel SO b) Panel SC
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Figure5- Measured initial imperfections in the tested panels
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Figure & represents the imperfections of UO web panel stiffened with two opemistigieunsienin t
the imperfection shape is rather unusual, as the maximum amplitudes were measured in the vicinity of trans
stiffeners. In horizontal directionsaap® initial imperfection was observed with maximum and minimum
amplitude of 3,36 mm 46d mm, respectively. The imperfections of both stiffenershapes sfiffener
at x = 1450 mm had imperfection with the maximum amplitude of 2,29 mm and stiffener2edX = 1100 mm
mm. The overall maximum imperfection amplitude 2,51mpasieheasifound in the left corner of the
web. Initial imperfections of the web panel Biguse&d)o not originate only from cutting and welding
during the production process itself, but also from previous testing of the UO panel.iF isetheafsmt for th
that after unloading of the first test the girder did not return completely in to the initial state. Consequently, |
case the measured amplitudes were slightly higher compared to tolerances (11,5 mm). The maximum |
imperfectiorf 4,27 mm was obtained in the largest subp&;@8 amah in the minor subpanel. The stiffener
remained straight during the loading of neighbouring panel in the previous test and the measured ir
imperfections were 2,49 mm.

2.4.2 Residual stresses

Residal stresses arise from partial plastification during fabrication. The magnitude and distribution of resi
stresses in plated girders is primarily governed by the welding and cutting of the plates. To find out the
distribution of normal residugds&ts in longitudinal direction, sectioning method was applied to the part of
unsymmetric girder UC, which was not exposed to high bending moments and shear forces during the test.
the test had been done, the residual stress measurement whsigingatestructive sectioning method.

The strain gauges were placed on both sides of the web and of the top flaxge sieig gauges

oriented in the longitudinal direction of the girder. Position of strain gaugefFigudeftified in
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Figure6 - Positions of measured residual strains

The residual stress distributions in the web plate and in the investigated half of the flange are show
Figure 7The stress distribution over the web depth is expected as large tension stesiggfrthibe
welding and low compression stresses in the other area. The maximum tension stress in the web was mea
15 mm from the bottom flange and the average of both side measurements was 246 MPa. The avel
compression stress in the smallgsreel was 40,60 MPa. In the largest subpanel on each side of the plate
only 5 strain gauges were installed. Three of them were placed close to where the tension stresses \
expected and two of them were out of this region, i.e. in the area vdienenasrgpscted. The average
compression stress in this subpanel results in 7,89 MPa.

The residual stresses in plated girders are rather low compared to the residual stresses in other type
steel structural elements. The main parameter which iefliceradestresses is of course the ratio between
the input energy and the mass of the faiterial, which is in the case of plated girders low.

In case of thin web plates some of residual stresses are transformed to the initial deflateations of the
Therefore, actual residual stresses are much lower than would be obtained for a compact plate.
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a) residual stresses in the web b) residual stresses in one half of the flange
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Figure7 - Measured residual stresses
2.5 Results

In Figure 8oaddisplacement curves for tested girders are plotted. The force applied on the girder throug
hydraulic actuator is presented on the ordinate axis, while the deflection of the girder under the applied Ic
displayed on the abscissa axis. The testidgrpriscthe reason for the drops in girder resistance obtained in
plastic zone, as the strain speed was set to 0. Because the loading speed is eliminated at these points, the
bound of these drops represents the static response of the girder.
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Figure 8 - Loadd Displacement curves for tested girders

Since more than one parameter was varied at tests, the comparison between the girder resistances i
very consistent. However, the highest resistance was proven at unsymmetrical girderostifiened with
stiffeners and the smallest resistance was obtained for symmetric girder stiffened with one open stiffene
girders show a linear elastic response up to a high load level and as they pass over to the plastic range, the
gradually increasep to the maximum resistance. Once the maximum capacity is reached, the load gradua
decreases. For both symmetric girders and the UO girder the decrease of their resistance after reaching the
force is moderate, which results in high rotatamiigl. & the UC test, however, an instantaneous drop of
capacity due to local instability of longitudinalsstitféeiaed therefore, the rotational capacity is smaller.
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2.5.1Web buckling of tested panels

The evolution of the-afytlane displacenmgrof the tested panels is plottEdyime 9The displacement
fields are plotted for the following characteristic points: in elastic zone at vertical displacement of 20 mm, in |
zone at vertical displacement of 35 mm and the last one antheadatntained in each test.

At load stage v = 20 mm, where the load of the panel is already higher than elastic critical shear force c
largest subpanel, typical shear buckling in the largest subpanel is observed. By increasing the shear force
girder, the bending moment increases which cause buckling in thepamallleutgabted to high
compression stress. The buckling shape depends on the level of shear and bending stresses. When the
resistance is exhausted, combination digtkliad) due to shear and local buckling due to bending moment is
observed.
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Figure9- The development of out of plane displacement

3 Numerical verification

The numerical moalek developed in the ppulpose code ABAQUS. In numerical model the measured initial
geometrical imperfections and nonlinear material behaviour based on tensile tests were considered. The m:
was modelled with static valinesverification ofmarical model was performed by comparing initial stiffness,
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