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Abstract: To understand behaviour of longitudinally stiffened plated girders subjected to high bending moments 
and shear forces, four tests on large scale test specimens were performed. The results of these tests were used 
to verify the numerical model, which was employed for further parametric studies. With a verified simplified 
numerical model a parametric nonlinear analysis was systematically carried out to determine the resistance of 
longitudinally stiffened plated girders. Based on 630 numerical simulations a new equation for interaction at high 
bending moments and shear forces is proposed, as is the section, where the check should be performed. An 
extensive reliability analysis of five different design models was made, i.e., the EN 1993-1-5 interaction model, 
the proposed new model, the gross cross-section bending resistance model and two models, which are a 
combination of the first three. 
 
Key words: bending-shear interaction, resistance of longitudinally stiffened plated girders, numerical simulations, 
large scale specimens, interaction model 
 
 

MEŇUDJELOVANJE MOMENT-POPREļNA SILA UZDUģNO UKRUĺENIH 
NOSAļA 
 
SaĤetak: Kako bismo razumjeli ponaġanje uzduģno ukruĺenih limenih nosaļa izloģenih utjecajima velikih 
momenata savijanja i popreļnih sila, provedena su ļetiri ispitivanja na velikim modelima. Rezultati ovih ispitivanja 
koriġteni su za provjeru numeriļkog modela koji je izraĽen s ciljem daljnje parametarske analize. Na temelju 
potvrĽenog numeriļkog modela provedena je parametarska nelinearna analiza s ciljem odreĽivanja otpornosti 
uzduģno ukruĺenih limenih nosaļa. Na temelju 630 numeriļkih simulacija predloģen je novi izraz za interakciju 
momenata savijanja i popreļnih sila, kao i presjek na kojemu treba izvrġiti provjeru. Provedena je opseģna 
analiza pouzdanosti na pet razliļitih modela, kao na primjer: modelu meĽudjelovanja prema EN 1993-1-5, 
predloģenom novom modelu, modelu otpornosti na savijanje bruto presjeka, te na dva modela koji su kombinacija 
prva tri. 
 
KljuĽne rijeĽi: meĽudjelovanje savijanja i popreļne sile, otpornost uzduģno ukruĺenih limenih nosaļa, numeriļke 
simulacije, veliki ispitni uzorci, model meĽudjelovanja 
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1 Introduction 
 
In EN 1993-1-5 [1] the interaction of bending moment and shear forces in the panel takes into account the 
gradient of bending moment. Therefore the moment-shear interaction is checked at a distance of hw/2 from the 
most stressed edge of the panel. The interaction rule given in EN 1993-1-5 does not distinguish between 
longitudinally stiffened girders and longitudinally unstiffened girders. The interaction formula in EN 1993-1-5 was 
verified [2] on longitudinally unstiffened girders against experimental tests and numerical simulations. The tests 
and numerical simulations confirmed its validity. After EN 1993-1-5 was published, some doubts have been risen 
whether the same interaction formulation can also be used for longitudinally stiffened girders, especially because 
this formulation results in much higher resistance than interaction formulations in some national standards like BS 
5400-3 [3] and DIN 18800 [4]. To cover this 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 girders 
under high bending and shear load and to see, whether the current design rules given in EN 1993-1-5 are 
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 longitudinal stiffeners. On each of 
them two panels were investigated in the area of high bending and shear load. One girder was made of 
symmetric cross-section and the other one of unsymmetric cross-section. The transverse stiffeners, which divided 
the girder into panels, were designed as rigid to prevent interaction between adjacent panels. The transverse 
stiffeners were designed taking into account deviation forces and tension field action in accordance with EN 

1993-1-5 with analytical model given in Johansson et al. [5]. The relative bending stiffness g of longitudinal 
stiffeners was designed to prevent global buckling of the whole panel due to shear load. All four tests can be 
defined as follows: 

- Symmetric Plated Girder with Open Stiffener    (SO) 
/ 214,  1,0,  41,55w wh t a g= = =  

- Symmetric Plated Girder with Closed Stiffener    (SC) 
/ 214,  1,5,  95,76w wh t a g= = =  

- Unsymmetric Plated Girder with two Open Stiffeners    (UO) 
/ 300,  1,0,  52,12w wh t a g= = =  

- Unsymmetric Plated Girder with Closed Stiffener    (UC) 
/ 300,  1,5,  137,1w wh t a g= = =  

 

2.1 Girder description and material 
 
The length of the tested girders was 11,160 m and 11,325 m. In Figure 1 and Figure 2 the tested panels are 
noted as SO, SC, UO and UC respectively. On a girder with symmetric cross-section plotted in Figure 1 with total 
height of 1544 mm panels SO and SC were tested. The centre of gravity of the longitudinal stiffeners was for both 
tested panels SC and SO positioned in the compression zone of the web, 350 mm from the upper flange. The 
web in the part of the tested panels SO and SC (Figure 1) was 7 mm thick, which resulted in global slenderness 
of hw/tw=214. Double sided transverse flat stiffeners 156 Ĭ 20 mm were used to apply external load into a girder 
in the region of concentrated load. With additional transverse stiffeners at both ends of the girder the rigid end 
post was assured. The panels UO and UC were tested on girder with unsymmetric cross-section with the total 
height of 1840 mm as shown in Figure 2. The web thickness of the tested panels was 6 mm. The unsymmetric 
cross-section was chosen to gain a larger compression area of the web, which consequently also resulted in 
higher compression force in the stiffeners. The positioning of the stiffeners at the compression part of the web can 
be seen in Figure 2. The transverse stiffeners were designed in the same way as in case of symmetric girder, 
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which resulted in stiffener with dimensions of 122Ĭ20 mm. The geometry of each tested girder is summarised in 
Table 1. 
 
Table 1 - Geometry of the tested steel plate girders [mm] 
 

 Web Upper flange Bottom flange Longitudinal stiffener 

Specimen hw tw a bf1 tf1 bf2 tf2 Hsl hsl bsl 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 2700 250 20 450 20 300 180 80 5 
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Figure 1 - Girder geometry ð Symmetric cross-section 
 
 

lateral restraint

450

2
0

1
8
0
0

2
0

450

66

200151016001800800270013001215200

11325

2
0

1
8
0
0

2
0

250 250

UOUC

AB

AB
Load
UC

Load
UO

B-B A-A

5
0
0 3
5
0

3
5
0

bsl

h s
l

H
s
ltsl

DETAIL B:

b

t

sl

s
l

DETAIL A:

D
E
T
A
IL

 A

D
E
T
A
IL

 B

 
 

Figure 2 - Girder geometry ð Unsymmetric cross-section 
 

Table 2 summarises the mechanical properties obtained from the tension tests for the web plate and 
flanges. The yield stresses and the ultimate stresses were defined as the average values of three tension tests 
per each plate. The average reduction was calculated as the ratio between all measured static and dynamic yield 
stresses. Dynamic yield stresses obtained by standard tension test were then reduced by the average reduction 
factor to final static yield stresses, which are later used in FEM calculations. 
 
Table 2 - Results from tensile coupon-tests in plates 
 

Plate Rp 02 Yield stress Rm Ultimate stress Average reduction of Rp 02 Static yield stress 

6 mm 405 MPa 539 MPa 

7,19 % 

376 MPa 
7 mm 391 MPa 561 MPa 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 static load (see Figure 3). At both supports, the 
rotation around the axis perpendicular to the web plane and movement along the longitudinal axis were allowed. 
The load was applied by hydraulic actuator with maximum capacity of 3000 kN using a displacement control. 
 

    
 

Figure 3 - Test set-up ð laboratory 
 

After the test girder had been positioned in the testing frame, it was loaded up to approximately 15% of 
anticipated maximum load, which was still in elastic range. After the preloading phase, the real test of the girder 
followed by applying static load in steps. The displacement velocity of the vertical displacement under hydraulic 
actuator was limited to 0,05 mm/s in elastic range and increased to 0,10 mm/s after the plastic response had 
been observed from the force-displacement curve. In selected load steps the loading was stopped to obtain static 
response of the girderôs resistance. 
 

2.3 Instrumentation 
 
As the test progressed, strains, displacements and forces were continually measured. The strains in flanges, 
transverse stiffeners and longitudinal stiffeners were measured by using uni-axial strain gauges, whereas at some 
selected locations in the web rosette strain gauges were used. The deflections of the girder as well as out of 
plane displacements in some characteristic points were measured by using displacement transducers (LVDT) 
and digital dial indicators. Photogrammetric method was used to determine displacement field of the tested panel 
at different loading levels. For this purpose the panel was painted white and marked with black crosses. Crosses 
were positioned to form a square net of 100Ĭ100 mm (see Figure 4). At these points the displacements in all 
three directions were tracked at each step 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 

 
Figure 4 - Setup of tested panels for photogrammetry 
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2.4 Initial imperfections 
 
The initial imperfections have to be properly considered in numerical model verification. The most important initial 

imperfections present in plated girders are geometrical imperfections w0 and residual stresses  sR. The initial 
geometric imperfections were measured in all four tested panels, while residual stresses were measured only in 
one cross-section. 
 

2.4.1 Geometrical imperfections 
 
The initial geometry of the tested web panels was precisely determined by employing photogrammetric method. 
In all other regions the geometry and imperfections were measured using laser distance measuring device. The 
3D data format determined by digital linear transformation was interpolated on a grid of 10Ĭ10 mm using 
MATLAB 4 griddata method. 

Figure 5a represents initial imperfections measured on tested panel SO. The maximum imperfection is 
observed in the largest subpanel with the amplitude of ï 5,75 mm. The web plate is much less imperfect near 
longitudinal stiffener. Along the stiffener the maximum deviation of 0,92 mm is obtained. The measured 
imperfections of panel SC are plotted in Figure 5b. The shape of initial geometry is similar to panel SO with 
maximum amplitude of -5,79 mm observed in the largest subpanel. The maximum amplitude of the smallest 
subpanel was 1,85 mm and was obtained at the left side of the plate. As in previous case, the shape of 
imperfections was a wave in the largest subpanel, which straightened as it approached the longitudinal stiffener 
and passed over to another wave in the smaller subpanel, being oriented at the opposite direction. 
 

a) Panel SO 

 

b) Panel SC 

 

c) Panel UO 

 

d) Panel UC 

 

 
Figure 5 - Measured initial imperfections in the tested panels 
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Figure 5c represents the imperfections of UO web panel stiffened with two open stiffeners. In this situation 
the imperfection shape is rather unusual, as the maximum amplitudes were measured in the vicinity of transverse 
stiffeners. In horizontal direction an S-shape initial imperfection was observed with maximum and minimum 
amplitude of 3,36 mm and 4,67 mm, respectively. The imperfections of both stiffeners were of C-shape; stiffener 
at x = 1450 mm had imperfection with the maximum amplitude of 2,29 mm and stiffener at x = 1100 mm -2,02 
mm. The overall maximum imperfection amplitude 2,51mm of the subpanel was found in the left corner of the 
web. Initial imperfections of the web panel UC (see Figure 5d) do not originate only from cutting and welding 
during the production process itself, but also from previous testing of the UO panel. The reason for this is the fact 
that after unloading of the first test the girder did not return completely in to the initial state. Consequently, in this 
case the measured amplitudes were slightly higher compared to tolerances (11,5 mm). The maximum initial 
imperfection of 14,27 mm was obtained in the largest subpanel and -3,08 mm in the minor subpanel. The stiffener 
remained straight during the loading of neighbouring panel in the previous test and the measured initial 
imperfections were 2,49 mm. 
 

2.4.2 Residual stresses 
 
Residual stresses arise from partial plastification during fabrication. The magnitude and distribution of residual 
stresses in plated girders is primarily governed by the welding and cutting of the plates. To find out the real 
distribution of normal residual stresses 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. After 
the test had been done, the residual stress measurement was performed using destructive sectioning method. 
The strain gauges were placed on both sides of the web and of the top flange using uni-axial strain gauges 
oriented in the longitudinal direction of the girder. Position of strain gauges is identified in Figure 6. 
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Figure 6 - Positions of measured residual strains 
 

The residual stress distributions in the web plate and in the investigated half of the flange are shown in 
Figure 7. The stress distribution over the web depth is expected as large tension stresses in the vicinity of the 
welding and low compression stresses in the other area. The maximum tension stress in the web was measured 
15 mm from the bottom flange and the average of both side measurements was 246 MPa. The average 
compression stress in the smallest subpanel 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 were 
expected and two of them were out of this region, i.e. in the area where compression was expected. 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 types of 
steel structural elements. The main parameter which influences residual stresses is of course the ratio between 
the input energy and the mass of the built-in material, which is in the case of plated girders low. 

In case of thin web plates some of residual stresses are transformed to the initial deformations of the plate. 
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 
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b) residual stresses in one half of the flange 
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Figure 7 - Measured residual stresses 
 

2.5 Results 
 
In Figure 8 load-displacement curves for tested girders are plotted. The force applied on the girder through 
hydraulic actuator is presented on the ordinate axis, while the deflection of the girder under the applied load is 
displayed on the abscissa axis. The testing procedure is the 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 lower 
bound of these drops represents the static response of the girder. 
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Figure 8 - Load ð Displacement curves for tested girders 
 

Since more than one parameter was varied at tests, the comparison between the girder resistances is not 
very consistent. However, the highest resistance was proven at unsymmetrical girder stiffened with two open 
stiffeners and the smallest resistance was obtained for symmetric girder stiffened with one open stiffener. All 
girders show a linear elastic response up to a high load level and as they pass over to the plastic range, the load 
gradually increases up to the maximum resistance. Once the maximum capacity is reached, the load gradually 
decreases. For both symmetric girders and the UO girder the decrease of their resistance after reaching the peak 
force is moderate, which results in high rotational capacity. At the UC test, however, an instantaneous drop of 
capacity due to local instability of longitudinal stiffener is obtained therefore, the rotational capacity is smaller. 
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2.5.1 Web buckling of tested panels 
 
The evolution of the out-of-plane displacements of the tested panels is plotted in Figure 9. The displacement 
fields are plotted for the following characteristic points: in elastic zone at vertical displacement of 20 mm, in plastic 
zone at vertical displacement of 35 mm and the last one at the maximum load obtained in each test. 

At load stage v = 20 mm, where the load of the panel is already higher than elastic critical shear force of the 
largest subpanel, typical shear buckling in the largest subpanel is observed. By increasing the shear force in the 
girder, the bending moment increases which cause buckling in the smaller sub-panel subjected to high 
compression stress. The buckling shape depends on the level of shear and bending stresses. When the girder 
resistance is exhausted, combination of global buckling due to shear and local buckling due to bending moment is 
observed. 
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Figure 9 - The development of out of plane displacement 

 
 

3 Numerical verification 
 
The numerical model was developed in the multi-purpose code ABAQUS. In numerical model the measured initial 
geometrical imperfections and nonlinear material behaviour based on tensile tests were considered. The material 
was modelled with static values. The verification of numerical model was performed by comparing initial stiffness, 


