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EXECUTIVE SUMMARY

Within the scope of the STROBE project, investigations on the rotational capacity were
carried out. Both homogeneous beams made of high-strength steel and hybrid steel
beams were experimentally tested with regard to their rotation capacity. The tests were
carried out in the form of three-point bending tests. Failure due to lateral torsional
buckling was avoided with the aid of lateral bearings. Both long and short beams with
different cross-section dimensions were tested.

The results show that the rotation capacity of R = 3 required by EC 3-1-1 [1] for plastic
design can be achieved by most girders. Only two girders, which are characterized by a
large web slenderness, could not reach the required minimum. The rotational capacity
of the short beams is limited by their sudden failure in the form of cracking in the tensile
stressed flange. With the long girders, cracks only occurred with larger rotations due to
the lower strain concentration in the middle of the girder, so that they had no influence
on the rotational capacity.

The evaluation shows that the rotational capacity depends on the geometry of the beams
and the choice of web material. Slender components provided a lower rotational capacity
than more compact components. This is also reflected in the definition of the cross-
section classification in EN 1993-1-1 [1]. The hybrid beams had higher rotational
capacities than the homogeneous beams for the same dimensions, provided there was
no sudden failure due to cracking.
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1 INTRODUCTION

Today, the production of high-strength steels is an economical alternative to conventional steels
with yield strengths of up to 460 MPa. The comparatively higher strengths result in improved cross-
sectional load-bearing capacities and therefore smaller cross-sections can be selected for the same
load-bearing capacity. This achievement makes it possible to build slender structures and thus
significantly reduce weight. This holds considerable potential from a technological and ecological
point of view.

Plastic design allows the utilisation of load-bearing reserves and represents a possibility for the
economic dimensioning of structures. A fully plastic moment redistribution and sufficient rotation
capacity are assumed. However, this design concept has so far only been permitted in European
standards for compact cross-sections up to a steel grade of S460. High-strength steels are
excluded from this design concept due to their lower ductility.

Previous investigations [2] [3] show that components made of high-strength steel are also capable
of applying the plastic moment capacity and, with correspondingly compact cross-sections, have
sufficient rotational capacity. The requirements for a plastic design can therefore also be met when
using high-strength components. The approval of the application of this design method would be
associated with a considerable increase in the economic efficiency of steel structures.

Within the scope of the STROBE project, further investigations on the rotational capacity were
carried out. Both homogeneous beams made of mild steel and high-strength steel as well as hybrid
steel beams were experimentally tested with regard to their rotation capacity.

The following sections give information on specimens, test preparation, set-ups, measurement
instrumentation, test parameters and results of the tests.
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2 SPECIMENS AND TEST PREPARATION

21 Overview of specimens

The 20 tested beams vary in length, geometry and material. Two beams, S101 and S102, are made
of normal-strength S355 and serve as reference tests. Eight beams, S103 to S110, are
homogeneous and made of S690 grade steel. Another ten beams, S201 to S210, are of hybrid
type, with the flanges made of high-strength steel S690 and the webs made of normal-strength
steel S355. The total of 20 beams are tested in two different phases and sorted according to their
length. There are twelve beams of 2600 mm span length and eight beams of 4000 mm span length.

tot

Figure 1: View and cross-section of the test specimens

Table 1 and Table 2 give an overview of all beams with their nominal dimensions and materials,

with the geometry shown in Figure 1.

Table 1: Material and geometry of homogeneous beams

S101 | S102 | S103 | S104 | S105 | S106 | S107 | S108 | S109 | S110
Flange S355 | S355 | S690 | S690 | S690 | S690 | S690 | S690 | S690 | S690
Web S355 | S355 | S690 | S690 | S690 | S690 | S690 | S690 | S690 | S690
L [mm] 2600 | 2600 | 2600 | 2600 | 4000 | 2600 | 2600 | 4000 | 2600 | 4000
tr [mm] 16 16 16 16 16 16 16 16 16 16
by [mm] 260 260 170 170 170 170 170 170 195 195
ty [mm] 16 16 8 8 8 16 16 16 16 16
h,, [mm] 250 320 160 200 200 160 200 200 200 200
heor [MmM] 282 352 192 232 232 192 232 232 232 232
utilisation
CSscC1 0.85 0.85 0.85 0.85 0.85 1.00 1.00 1.00 1.00 1.00
flange [-]
utilisation
CSClin 0.25 0.35 0.44 0.56 0.56 0.22 0.28 0.28 0.28 0.28
web [-]
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Table 2: Material and geometry of hybrid beams

S201 | S202 | S203 | S204 | S205 | S206 | S207 | S208 | S209 | S210
Flange S690 | S690 | S690 | S690 | S690 | S690 | S690 | S690 | S690 | S690

Web S355 | S355 | S355 | S355 | S355 | S355 | S355 | S355 | S355 | S355
L [mm] 2600 | 2600 | 2600 | 4000 | 4000 | 2600 | 2600 | 4000 | 4000 | 4000

ty [mm] 16 16 16 16 16 16 16 16 16 16
by [mm] 260 260 170 170 170 170 170 170 195 195
ty [mm] 16 16 8 8 8 16 16 16 16 16
h,, [mm] 250 320 160 200 200 160 200 200 200 200
htor [mm] 282 352 192 232 232 192 232 232 232 232
utilisation

CSC1 0.85 0.85 0.85 0.85 0.85 1.00 1.00 1.00 1.00 1.00
flange [-]
utilisation

CSClin | 016 | 0.18 | 020 | 0.18 | 0.20 | 0.18 | 020 | 0.18 | 0.20 | 0.24
web [-]

The cross-sections can be classified into cross-section classes (CSC) [1]. The geometry of the

beams was selected so that the webs are clearly classified into CSC1. If nominal strength values
are used, both the flanges with a width of 170 mm and those with a width of 195 mm are assigned
to CSC1. Taking into account the actual yield strengths, the wider flanges would already be
classified in CSC2. This discrepancy is accepted, since suchlike shifts from CSC1 into CSC2 would
also arise in practical applications due to overstrength.

2.2 Geometry measurements

In the manufacture of steel products, there are differences between nominal values and actual
dimensions. Such deviations, which have an influence on the bearing capacity of the component,
are referred to as imperfections. Checking the steel girders for geometric imperfections is part of
the test preparation and explained below. The tolerances are defined in product standards. The
standards EN 1090-2 [4] and EN 10029 [5] are used for the present I-beams.

EN 1090-2 [4] regulates the manufacturing tolerances for welded profiles in Annex B of the
standard. EN 10029 [4] regulates the tolerances on dimensions and shape of hot-rolled plates. The
plates used shall be assigned to Class A. For the preparation of the test, compliance with the limit
deviations of the thickness, which are specified in Table 3 for the respective nominal thickness, is
checked.
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Table 3: Limit deviations of thickness according to [5]

Nominal thickness t [mm|] Lower dimension [mm] Upper dimension [mm]
8<t<15 -0.5 +0.9
15<t <25 -0.6 +1.0

To check the component geometry, the cross-section dimensions are recorded in the five axes of
the quarter points. The distribution of the axes is shown in Figure 2. In each axis the flange widths,
the profile height as well as the web thickness and the flange thicknesses are measured in two
points. An ultrasonic device is used to measure the thickness.
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Figure 2: Axis labelling and cross-section dimensions

The deviations from the nominal values are compared with the permitted tolerances. Although the
nominal values are usually undershot, especially for sheet thicknesses, all deviations are within the
permitted limits.

2.3 Imperfection measurements

In order to be able to consider imperfections with regard to their influence on the stability of the
component, imperfection measurements are carried out on ten beams. The beams are selected in
such a way that the imperfections can also be assumed for similar beams. The measurements are
performed in 13 axes for both flanges and the web at different heights, see Figure 3. Both, global
and local imperfections can be determined.
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Figure 3: Axis labelling for imperfection measurement
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Figure 4 shows the experimental setup. The distance to the beam is measured by means of a laser
guided in a rail. This ensures that the difference in the distances can only be attributed to
imperfections. For the evaluation of the imperfections, first, the smallest distance is determined and
all measured values are related to it. From this, the mean value and the maximum deviation from it
are calculated.

Figure 4: Experimental setup of imperfection measurements

Figure 5 shows the results of the imperfection measurement of beam S203. A deviation of the
perpendicularity of the flange is shown here, since in the flange the mean values of the
imperfections of the two recorded heights clearly differ from each other.

Upper flange ——Height 1
2.5 ——— Height 2

2.0 \\

15

. \\_ - _\_==->\ __________ P i
0.0 S—

0 500 1000 1500 2000 2500 3000
Beam length [mm)]

Imperfection [mm]

Figure 5: Graphical representation of the imperfections of the beam S203

A deviation from the straightness can be seen, for example, on beam S107 in Figure 6. Here, the
distances recorded at the centre of the beam in the upper flange are smaller than at the ends, while
in the upper flange the distances increase towards the centre. The beam therefore has a pre-
curvature in the opposite direction to the loading direction during testing.
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Figure 6: Graphical representation of the imperfections of the beam S107

The deviations recorded during the imperfection measurement are compared with the limit values
[4]. The permissible tolerances are generally fulfilled.
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3  TEST SET-UPS

The specimens are tested in two phases. In the first phase, the span amounts to 2600 mm and
4000 mm in the second phase. The load applied to the centre of the beam is carried out by a servo-
hydraulic testing machine, which can apply a maximum force of 2500 kN. The largest possible
cylinder displacement is 400 mm. The load is applied over the entire width of the flange by a roll
attached to the cylinder, as shown in Figure 7.

Figure 7: Load introduction via a roll

Lateral supports are provided to prevent failure due to lateral torsional buckling (LTB). The safety
against LTB is verified in accordance with EN 1993-1-1 [1]. From the calculations of the maximum
distances, it follows that lateral support is not required for beams S101 and S102. For all other short
beams, the supports are provided in the quarter points and for the long beams in the sixth points,
see Figure 8.

Figure 8: Test setup for short (left) and long beams (right)

Figure 9 depicts the design of the lateral supports.
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Figure 9: Design of lateral support in model (left) and in the experimental set-up (right)
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£ MEASUREMENT INSTRUMENTATION

The force-displacement curve of the cylinder is recorded via the cylinder control and a load cell.
The vertical deflection of the beam is measured by two wire displacement transducers in the centre
of the beam. Two inclinometers are mounted inside the web at a distance of 100 mm from each of
the two supports. These record the rotation of the beam.

Strain gauges are installed on the upper and lower flange. In order to avoid damage, these are
placed at a distance of 100 mm from the load introduction. On beams S101 and S106, two strain
gauges are used per flange and web to illustrate the strain distribution over the entire profile. The
strain gauges record the local strain development over the course of the test and can measure up
to 15% strain.

The arrangement of the measurement instrumentation is shown in Figure 10.
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Figure 10: Arrangement of the measurement instrumentation

The following illustrations show photographs of the measurement technology used.

Figure 11: Inclinometer (left), strain gauges (middle), wire displacement transducer (right)
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5  TEST EXECUTION AND RESULTS

The loading of the beams occurs displacement controlled at a speed of 2 mm/min for short beams
and 3 mm/min for long beams. Due to the factor of approx. 1.5 in the span width of the two beam
lengths, the selected load speeds result in a similar rotation curve over time.

First, the tests are carried out on the two S355 beams S101 and S102. These can be used as a
comparison to the HSS and hybrid beams and to check the feasibility of the setup and the setting
of the measurement technology.

During the execution of the tests, the rotations on both supports, the deflection in the middle of the
beam and the strains are measured. Initially, the force behaves proportional to the displacement,
but as soon as the plastic moment capacity My is reached, the force increase is continuously
reduced. Figure 12 shows an exemplary force-displacement curve.
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Figure 12: Recorded force-displacement and Moment-Rotation curves of beam S109

After reaching My, a first vertical deflection of the upper flange can be observed in the middle of the
field. These local instabilities rise with increasing distance until they finally outweigh the hardening
and the maximum force is reached. At this point, clear buckling is already visible in the upper flange
and a necking area is formed in the lower flange on the opposite side directly next to the stiffener.
The following pictures show these observations with increasing test duration from left to right using
the example of beam S109.
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Figure 13: Progression of buckling in the S109

During the formation of the instabilities, the behaviour of the lateral bearings is closely observed,
as these have to absorb high forces in the horizontal direction due to the horizontal movements of
the beam.

The S355 beams behave ductile, until the plastic moment is reached a second time. In all short
HSS and hybrid beams, there is a sudden drop in force due to cracking. In the case of long beams,
the maximum distance of 400 mm that can be applied by the cylinder is reached before clearly
visible cracks appear. Figure 14 depicts the deformation of beam S105 after disassembly.

Figure 14: Deformation of beam S105 after testing

At the point of maximum necking of the lower flange of the short beams, cracks first develop in the
surface of the flange inside, which grow with increasing load over the flange depth and in the
direction of the web, until the beam fails completely. The crack development is shown in Figure 15.

Figure 15: Crack development of a short girder using S106 as an example

From the rotations measured by the inclinometers on both supports, the sum is calculated to obtain
the total rotation. The recorded displacement of the displacement transducers is averaged. Since

11



STROBE

these are attached to the outer edges of the lower flange, the mean values result in the deflection
in the centre of the beam. A difference in the value pair indicates an oblique position of the flange.

The moment-rotation curves can be graphically represented and the following characteristic values
can be determined:

¢ the ultimate moment My
¢ the corresponding rotation @max
¢ the rotation @ at the time of reaching the plastic moment My a second time

The plastic moment My results from the cross-section dimensions and the strengths of the cross-
section parts. According to the plastic theory, the corresponding rotation @y is calculated as follows:

M, - L
_ pl span
Yo ="

With this information, the moment rotation diagrams of the tested beams can be created. These
diagrams can also be displayed in standardized form for better comparability. The moment rotation
diagrams of beam S106 are shown in Figure 16.
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Figure 16: Moment rotation diagram (left) and standardized moment rotation diagram (right)
of beam S106

Table 4 lists the plastic moment My and the corresponding theoretical rotation @y, as well as the
determining values of the tests. All Moment-rotation curves can be found in the Annex in section 7.

12
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Table 4: Test results

Specimen My, Ppi M, Pmax Prot
[kNm] [rad] [kNmM] [rad] [rad]

S101 498,0 0,018 665,0 0,175 0,386
S102 663,5 0,015 874,3 0,140 0,282
S103 438,8 0,060 504,8 0,223 0,319
S104 552,0 0,050 611,5 0,138 0,192
S105 552,0 0,076 600,0 0,216 0,279
S106 483,8 0,063 555,4 0,260 0,356
S107 622,3 0,052 705,7 0,202 0,319
S108 622,3 0,080 688,4 0,256 0,379
S109 694,3 0,051 771,0 0,169 0,213
S110 694,3 0,079 775,3 0,204 0,358
S201 436,1 0,057 499,8 0,217 0,288
S202 491,4 0,051 569,3 0,195 0,218
S203 547,9 0,046 635,4 0,176 0,276
S204 491,4 0,078 567,6 0,312 0,464
S205 547,9 0,070 620,5 0,260 0,404
S206 556,7 0,051 615,7 0,168 0,234
S207 619,8 0,046 690,0 0,151 0,240
S208 556,7 0,078 623,7 0,249 0,367
S209 619,8 0,071 693,2 0,227 0,349
S210 749,5 0,059 810,5 0,157 0,248

The strain-gauge curves are shown in Figure 17 as a function of the displacement. It can be seen
that the strain development of both flanges is uniform in the elastic range. With the beginning of
plasticity, the elongation in the tension flange (positive) increases faster than in the compression
flange (negative).

13
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Figure 17: Strain curves of the short (top) and long (bottom) beams

A comparison of the moment rotation curves shows the influences of the various parameters. On
the basis of some examples, the comparisons of the curves of similar beams, which differ only in
one parameter, show different influences in the following. In general, not all comparisons lead to
distinct tendencies. Influences will be investigated more properly by numerical simulations in future,
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Figure 18 shows the moment rotation curves of the beams S106, S107, S103 and S104. The
slenderness of the web h,, /t,, increases in the order given. Since the clamping effect of the web
on the flanges is reduced with greater slenderness and correspondingly lower rigidity, the flanges
buckle early. This leads to a faster softening of the beam and the curves drop more sharply after
reaching their maximum.
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Figure 18: Influence of the slenderness of the web on the moment rotation curve

Figure 19 shows the influence of the flange width wr using the example of the short beams
S203/S207 and the long beams S204/S208. This shows an earlier decrease of the curve with a
larger flange width. The greater distance to the web causes buckling at the edge of the compression
flange. This results in an earlier softening of the wider beams and thus a faster drop in the moment
rotation curve.
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Figure 19: Influence of the flange width on the moment rotation curve

A comparison of the moment rotation curves of homogeneous and hybrid long beams is shown in
Figure 20. In both cases there is an early softening of the homogeneous beams. Due to the crack
formation of the short beams, no clear statement can be made for these.
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Figure 20: Comparison of hybrid and homogeneous beams

The evaluation of the recorded values allows the calculation of the rotational capacity R of each
beam. In addition, it is checked whether all beams reach the plastic moment M. Therefore the
moments are normalized to My as well as rotations to @, This gives the results shown in Table 5.

It turns out that all beams can achieve the plastic moment capacity in terms of nominal and
characteristic values. This also corresponds to the division into cross-section classes according to
EC3 [1], which permits the approach of plastic moment capacity for cross-sections of classes 1 and
2. With the exception of two beams, S104 and S105, all beams achieve a rotational capacity which
meets the minimum requirement of Rreq = 3 to be fulfilled for the plastic structural analysis. It is
noticeable that the beams S104 and S105 have the highest web slenderness. They make use of
the limit of CSC1 at 60 %, while the utilisation rate of the other beams is significantly lower at 24 to
37 %. The general exclusion of high-strength steel girders according to EN 1993-1-12 [6] as well
as the classification of the cross-section classes according to EN 1993-1-1 [1] seem to be
conservatively according to the results also for the S690 beams. However, the limitation of the web
slenderness is too high for the application on HSS beams. Here, the introduction of an additional
limit value might be necessary, if high-strength steels are allowed to be used for plastic design.

16
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Table 5: Calculation of rotation capacity

Specimen My Frot
M, Ppi

S101 1,34 21,05 20,0
S102 1,32 19,12 18,1
S103 1,15 5,28 4,3
S104 1,11 3,88 2,9
S105 1,09 3,66 2,7
S106 1,15 5,66 4,7
S107 1,13 6,14 51
S108 1,11 4,74 3,7
S109 1,11 4,14 3,1
S110 1,12 4,52 35
S201 1,15 5,09 4,1
S202 1,16 4,30 3,3
S203 1,16 6,04 5,0
S204 1,16 5,97 5,0
S205 1,13 5,74 4,7
S206 1,11 4,61 3,6
S207 1,11 5,23 4,2
S208 1,12 4,70 3,7
S209 1,12 4,94 3,9
S210 1,08 4,21 3,2

17
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7 ANNEX: MOMENT-ROTATION DIAGRAMS
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