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EXECUTIVE SUMMARY

Within the scope of the STROBE project, the rotation capacity of beams and plastic
design of frames made of HSS have been investigated. Experimental and numerical
investigations demonstrated that, within certain limits, plastic design is applicable to HSS
structures. This report presents investigations into the definition of rotation capacity as
well as rotation capacity requirements. Recommendations for the plastic design of
beams and frames are also provided. Stricter cross-section Class 1 limits are given for
HSS. Furthermore, additional influences and limitations regarding plastic design are
discussed and alternative methods are presented. Finally, conclusions from WP 2 are
summarised and an outlook for future research activities is given.
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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 enables us 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 allows the more economic
structures. 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 in steel grades up to S460. High-strength steels are excluded from this design
concept due to their lower ductility.

Previous investigations [1,2] have shown that components made of high-strength steel are also
capable of reaching their plastic moment capacity and, with correspondingly compact cross-
sections, have sufficient rotational capacity. The requirements for 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 conventional strength steel and high-strength steel
as well as hybrid steel beams were experimentally tested and numerically simulated with regard to
their rotation capacity. Also, frames have been investigated by experiments and numerical
simulations.

As an outcome of the experimental and numerical work, the following sections give information on
design recommendations regarding the rotation capacity of HSS beams and the plastic design of
HSS frames.
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2 General information on rotation capacity and
requirements

2.1 Rotation capacity

EN 1993-1-1 [3] provides general rules for buildings concerning the design of steel structures, which
includes requirements of cross-sections for plastic global analysis. However, no direct information
on the calculation of rotation capacity or the requirements regarding rotation is given. However, the
background document to EN 1993-1-1 [4] contains more information. As illustrated in Fig. 1(a), the
rotation capacity of beams under three-point bending is specified by performing monotonic tests in
the plastic range under increasing load, where the bending moment (M) and the rotation of the
plastic hinge (¢) of the specimen are measured. These measurements are plotted by a M-¢ curve,
compare Fig. 1(b).
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Fig. 1. (a) Determination of rotation capacity from three-point bending tests, (b) M-¢ curve and (c) normalised

M- @ curve referring to [4].

This M-¢ curve is characterized by the plastic moment M,,; and the ultimate moment M,, on the
abscissa. The plastic rotation ¢,,; (see Eq. (1)) on the ordinate defines the angle at which the plastic
moment is reached for the first time. After the ultimate moment is reached and the load degrades,
the plastic moment is reached for the second time. At this point, the total rotation angle ¢,.,; is
achieved. Eq. (1) displays the calculation of ¢, in a three-point bending test in accordance with
Fig. 1(a), where L defines the length and El the bending stiffness of the beam.

_ MpiL

@pl = 2EI (1)

In order to compare the rotation behaviour of different beams, the M-¢ curve can be normalised to
M, on the abscissa and ¢,,; on the ordinate; see Fig. 1(c). The unitless rotation capacity Rac, see
Eg. (2), defines the difference between ¢,,; and ¢,,;, normalised to ¢,;.

As an alternative, also absolute values of rotations, defined either as the total rotation ¢,.,; or the
total plastic rotation ¢,,; — ¢,;, describe the rotation capacity in general. The different definitions
are discussed in Section 2.3.
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Roer =222 — 1 )

For beams under four-point bending, the rotation capacities R are determined from the normalised
moment-curvature curves, where the curvature is determined by Eq. (3), in which D_. and Du are
the vertical deflections at the loading points and the mid-span section and Ly is the central span of
the beam between the two loading points. The normalised moment-curvature diagram of a typical
four-point bending beam is shown in Fig. 2, based on which the rotation capacity R is determined
using Eq. (4).
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Fig. 2. Definitions and notations of the parameters used for calculating the rotation capacity of a typical four-
point bending beam and its normalised moment-curvature diagram.

2.2 Rotation requirements

In order to perform a global plastic analysis, sufficient rotation capacity of the system has to be
guaranteed. The required rotation Rrq depends on the structural system; see Fig. 3. The
requirement can however be independent of the system and section geometry due to the unitless
definition of Rac. Only Class 1 sections can be utilised for global plastic analysis, since these
sections exhibit sufficient rotation capacity. When specifying limits for cross-section class (CSC) 1,
the maximum requirement R,., = 3 is set, as documented in [4], since this requirement is said to
meet maximum rotation requirements of common systems.

lP

I S w, 4V .
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Rreq= 3.0
Rreq= 1.3 Rreq= 2.5 Rreq= 3.0

Fig. 3. Exemplary rotation requirements for frames and beams, referring to [4].
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2.3 Definitions of rotation capacity in terms of high strength steel

The aforementioned sections utilise the unitless definition R to describe rotation capacity and
rotation capacity requirement. However, this is not the only possible definition.

Three different definitions of rotation requirement can possibly be considered, with reference to
Fig. 1:

1) Unitless definition: Rge = "(’p”’f -1
pl

2) Total rotation: @,ot e14p1 = Prot
3) Only the plastic part of the total rotation: @,,¢p1 = @rot — @pi

Axhag illustrated an example [5] to explain, that the unitless definition can be disadvantageous for
high-strength steel, see Fig. 4.
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Fig. 4. Example of employing the unitless definition of Ract to different steel grades.

The high strength girder is found to have about half the rotation capacity ¢, ,; of the low strength

girder. Then the rotation capacity R, for the high strength girder is one-fourth of the low strength
girder.

However, the definition of the unitless rotation capacity R has the following advantages, regarding
the formulation of design requirements:

¢ Imposing rotation requirements is independent of the length and cross-sectional geometry (ly,

)
o A unitless definition is simple to formulate and use as a design requirement

On the other side, also drawbacks can be identified:
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¢ Due to the independence of the length, the absolute rotation, which plays a role in the
deformation behaviour of a plastic hinge in a component, is left out of consideration: due to
the normalisation to the elastic rotation, a dependence of the rotational behaviour of a plastic
hinge on length is suggested. This is, roughly said, not correct (nevertheless there are
secondary influences of the free distance between the lateral bracing restraints on the plastic
behaviour of the plastic hinge, but these influences originate from out-of-plane stability effects
and not from in-plane-deformations as considered in the definition of R).

¢ As illustrated by Axhag [5] and explained above: HSS can be disadvantaged by a relative
formulation of rotation capacity due to the large elastic range, which seems more extreme
when utilising relative values

In order to get a picture on how the different definitions influence the perception and design
recommendations given here, the rotation capacity values gained from results of WP 2.3 are
compared to specific rotation requirements of different structural systems, considering all 3
definitions, as explained in the next section.
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3 Investigation of rotation capacity and rotation
requirement of beams based on different
definitions

3.1 Rotation capacity and rotation requirement

As previously explained, the rotation requirement depends on the structural system. The rotation
capacity however has been determined by the numerical parametric study in WP 2.3 (see
Deliverable D2.3). In order to investigate, which definition of rotation capacity and requirement
proves to be reasonable for design recommendations, four different systems have been considered
— see Figs. 5 to 8. For each system, the rotation capacity is given by the numerical simulation
evaluation. The rotation requirement is calculated with the help of the plastic hinge theory applying
the steel grade, section geometry and system geometry of the simulated beam, respectively. Only
3-point bending tests have been simulated to determine the capacities. These can still be compared
to a different structural system on the requirement side, when the length of the plastic moment
region of the simulation is transferred to the structural system: in the structural system, the length
between the moment-zero-crossings coincides with the span length in the simulation or test. Based
on the moment diagram and the length of the beam in the simulations, the bay length of the
structural system can be calculated.

¢P iP ¢P

& AN L AN JA\
L L2 L, L2y L L, oL L2 L, Ln , L2 2
Fig. 5. Example structural system 1. Fig. 6. Example structural system 2.
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Fig. 7. Example structural system 3. Fig. 8. Example structural system 4.

The requirement for each system is calculated using plastic hinge theory, as explained by an
example in the following:

A two-span continuous beam is given with a single load at the mid-span of the left beam, see Fig.
5. The load at the point at which the system collapses has to be calculated (“collapse load”, collapse
in this case means the formation of a plastic mechanism). First, the load is determined by the static
method with a step-by-step elastic analysis. This method is based on an increase of the load until
the plastic moment is reached, causing a plastic hinge to occur. Afterwards, a modified structural
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system is defined, with a (rotational) hinge at the position of the plastic hinge; the load is increased
until the next plastic hinge occurs. The analysis is continued until a kinematic movement of the
system is possible. This method leads to the collapse load of the system and the formation of the
plastic hinges can be seen. In the following, the procedure for the example structural system 1 is
presented:

1. Step: Elastic analysis up to the first plastic hinge

C /
lPl 0,094P/

T

AN JAY
< 0,203P/= M,

Fig. 9. Moment curve of the original system until the formation of the first plastic hinge.

The first plastic hinge is formed at the location of the single load (max. moment) — see Fig. 9. The
plastic hinge is formed at a load of P;, (see Eq. (5)):

Mt

Py = 0,203 ®)

At this location, no additional moments can be carried by the cross-section, but if there is sufficient
ductility, further load increase can be enabled by moment redistribution. Thus, after attaining My, at
x={/2, the following system is assumed (see Fig. 10):

¢P
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’ ‘
| D ‘
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-

Fig. 10. System with first plastic hinge.
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2. Step: Additional load until the second plastic hinge is formed

M,

P

0,094P(

Fig. 11. Moment diagram and deformation of the system up to the formation of the second plastic hinge.

The next plastic hinge will form at middle support. The additional load P: is calculated from Eq. (6):
l My,
My, = 0,094 P, - [+ P, -~ = P, =1,074-—% (6)

After the formation of the second plastic hinge, the system becomes geometrically unstable.

Mo My
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Fig. 12. Calculation of the required rotation capacity by superimposing the moment diagrams.

Hence the requirement for the rotation capacity of the cross-sections for plastic design can be
calculated, see Eq. (7), by superimposing the moment diagrams, Fig. 12.

1 l n n 1 l n n n n 1 “ “"
EI'(preq =§'E'Mpl' 1 +E-E-Mpl.( 1"—="2 )_E'l'Mpl' 2
)
_ 7-Mpyl
7 Prea T g
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The collapse load results from the superposition of step 1 and step 2 (see Eg. (8)):

With this method, the collapse load of the system has been derived by increasing the applied load
until yielding occurs (“lower bound” approach).

Mpl

Ptot:P1+P2:(4,926+1,074)-@:6. l

)

When applying the energy approach, the kinematic dependencies of the rotational angles are
determined as well as the displacements corresponding to the rotational angles, see Fig. 13.

52{/2'(01

Fig. 13. Calculation of load bearing capacity and rotations using the energy approach.

Equating the internal W; and external W, work during a virtual movement of the system
results in:

w; =W, )
Where = S My - &+ Ny, - 84 (10)
Wa=zﬁi'$i+f’;'?i (11)

Internal work: Wi=Mp- b +My-2d; =3-Mpy - &y

External work: W,=P-86 =P l/z- ¢4

6-Mp

From Eq. (9): 3-Mpl-<1>1=P-l/2'<1>1—>Ptot= 1

The calculation approach leads to the same result of P;,;.

The rotation requirement can, as well as the capacity, be based on the three definitions R, ¢4t er4p1
and @, ;- Below, for each system, the rotation capacity and rotation requirement are compared

on the basis of the three definitions. In all example structural systems, 770 different beam
configurations with varying sections, lengths and material definitions are considered.
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The general requirement Rreq = 3 was considered in [4] as a representative value for most structures
to allow full plastic design. However, in the following of this section, the assessment is performed
using the analytically calculated requirement instead of any general requirement e.g. R = 3.

Fig. 14 presents the comparison of rotation capacity and requirement based on the three definitions
for all 770 beams and the example structural system 1. Here, one can see again, that if you relate

the plastic rotation to the elastic rotation behaviour of the structure for R = % — 1, then the rotation
pl

capacity R is independent of the material, system length and section geometry.

1.0 . 10 24 .
- ) safe f 7
§ 0.8 . 208 e :20 sare X
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2 s g12 ¢ %
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14 @ Hybrid = ® Hybrid ;
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a)

Rotation requirement: ¢, [rad]

Rotation requirement: ¢y, - ¢p [rad]

Rotation requirement: R [-]

Fig. 14. Comparison of rotation capacity and rotation requirement in 770 cases on the basis of a) ¢,
b) Prot — Ppi and C) R.

Independently of the definition, 99 beams of the configurations investigated, meaning 12.86%, lie
on the side where the theoretical rotation requirement is higher than the provided rotation capacity.
This leads to the conclusions: effectively, there is no difference in how rotation requirement and
rotation capacity is defined (in absolute or related values). Nevertheless, each of the kinds of
definition of rotation capacity have certain advantages and disadvantages when analysing different
effects. Since only 87.14 % of the beams lie on the safe side, a supplementary limitation for the
beams is necessary, see Section 4. It can also be remarked, that in case of system 1, all 20
experimentally tested beams have exhibited a higher rotation capacity than the rotation
requirement.

Fig. 15 shows for structural system 2 the comparison of rotation capacity with rotation requirement.
Here, 99.5% of the cases show conservative rotation capacities. The comparison of capacity and
requirement for system 3 is given in Fig. 16. Here, 73.67% of all cases are conservative. Fig. 17
presents the comparisons for system 4, where 99% of all cases are conservative.

10
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Fig. 16. Comparison of rotation capacity and rotation requirement in 770 cases for system 3 on the basis of
a) Prots b) Prot — (ppl and C) R.
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It is worth to mention again, that the definition of rotation capacity, i.e. either in absolute values or
related values, has no influence on the assessment of the rotational behavior in a plastic hinge.

11
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3.2 Discussion and remarks

Some results shown above lie on the unsafe side in terms of rotation capacity versus requirement.
However, falling short of the rotation requirement only has a smaller impact on the overall safety.
This is due to several factors:

1) Structural systems intended for a fully plastic design are always statically indeterminate —
thus a reduction of a rotation capacity of a plastic hinge affects the overall bearing capacity
of the whole structure to a significant lesser extent.

2) Even after falling below the plastic moment My, the plastic hinge provides significant

moment resistance so that Z—Z in the vicinity of ¢ does not really affect the overall structural

safety.

3) Almost always, the material provides overstrength whereas the calculation assumes
nominal strength. Although higher strengths result in smaller rotation capacities, in many
cases the reduction of the rotational requirement prevails.

The points given above give rise to consider the rotation capacity (as usual in similar situations) as
a requirement “in addition to the strength” (note that for “additional requirement” the 5% fractile can
be regarded as relevant). Furthermore, when assessing the rotation capacity, in future, we should
speak about “conservative” or “not-conservative” instead of “safe” and “unsafe” as the latter
denomination insinuates the overall structural safety, which is not really appropriate.

12
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4 Recommendations for cross-section classification
of HSS welded I-sections

This section will present the discussions and recommendations for the cross-section classification
of HSS welded I-sections, based on the experimental investigations (from Deliverable D2.1 and
D2.2), numerical investigations (from Deliverable D2.3 and D2.4) as well as the above discussed
contents.

First, for the following discussion, it is reasonable to define rotation capacity in terms of R, as was
explained in Section 2.1, since the use of the unitless definition enables a simple assessment of
the rotation capacity, i.e. to compare to the reference limit of R = 3. Experimental and numerical
investigations have shown that HSS can be suitable for plastic design, see Deliverable D2.3. Most
cases showed sufficient rotation capacity. However, some “non-conservative” cases lead to the
discussion of additional limitation for the plastic design of HSS girders, especially in terms of cross-
section class limits. The influences on rotation capacity apart from slenderness values will be
discussed in the following subsections.

Different approaches on limiting HSS cross-section classes have been compared, which can be
presented to the Eurocode working groups, see Fig. 18.

100

e |imits for CSS
90 1 c/tw < 36¢
80 A c/tw < 60¢, c/tf < 8¢

Unsafe cases [%]
= N w H ul [e)] ~
o o o o o o o

1 1 1 1 1 1 1

/_/

0.0 0.3 0.5 0.8 1.0
R/Rreq,3 [-]

o

Fig. 18. Amount of cases, where the rotation capacity is smaller than the reference rotation requirement for
different slenderness approaches.

Based on the over 750 simulations, the figure shows the percentage of cases where the
requirement is not met, i.e. where the rotation capacity is smaller than the rotation requirement of
R = 3 for different approaches. The x-axis is normalised t0 R/Rreq, Where Req is assumed to have
the value of 3.

13
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The applicability of the existing EC3 slenderness limits provided in prEN 1993-1-1:2019 [6] to HSS
welded I-sections is assessed in the following subsections, using the experimental results of the in-
plane three-point bending tests from Deliverable D2.1 and D2.2 and the numerical investigations
on in-plane bending structural responses from Deliverable D2.3 and 2.4.

The most conservative approach was to limit the cross-section slenderness limit for Class 1 of the
web to 36¢, which represents 50 % of the actual limit now (72¢). However, this approach cannot be
considered as an appropriate economical solution since it leads to very stocky sections.

A better approach would be to limit the cross-section slenderness limit for Class 1 for the flange to
8¢ instead of 9¢ and simultaneously, to limit the cross-section slenderness limit for Class 1 for the
web to 60¢ instead of 72¢. Integrating the safety level of this approach (blue line in Fig. 18) for the
whole expanse from R/Rieq= 0 to 1 leads to a safety of 97.75% with 2.25% unsafe cases in total.
This percentage is smaller than 5%, which is sufficient for the rotation capacity as explained in
Section 3.

Appendix A presents the statistical transformation from deformation scale to load bearing scale,
which shows that the rotation capacity can with sufficient safety also be evaluated on 95% level of
Mp|.

In summary, the following cross-section slenderness limits for HSS for Class 1 elements in bending
are suggested:

Approximately 10% stricter slenderness limits for webs in compression, and hence combined
loading, are also recommended.

4.1 General

The current Eurocode EN 1993-1-12 [7] was developed specifically for HSS with steel grades
greater than S460 up to S700, though mirroring most of the design rules set out in EN 1993-1-1 [3]
for NSS. Current structural steel design standards, including EN 1993-1-12 [7], adopt the concept
of cross-section classification, categorising all cross-sections into four discrete behavioural classes,
based upon the susceptibility of their most slender element to local buckling. A Class 1 cross-
section is fully effective under pure compression and can develop its plastic moment capacity Mp
in bending, having sufficient rotation capacity to allow full redistribution of moments. A Class 2
cross-section is also fully effective in pure compression and able to reach its plastic moment
capacity Mp but with lower (assumed to be zero in design) rotation capacity in bending. A Class 3
cross-section remains fully effective in pure compression, but, when subjected to bending and after
attainment of its elastic moment Me, local buckling occurs, preventing the plastic moment My to be

14
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reached. Hence, the bending resistance of a Class 3 cross-section is limited to its elastic moment
Mei, Or to a linearly interpolated moment between Me and My, Finally, for a Class 4 cross-section,
local buckling occurs prior to either the yield load in compression or the elastic moment in bending
being reached; the effective width method is therefore employed to explicitly account for the effects
of local buckling. Typical moment-rotation relationships of the four classes of cross-sections are
illustrated in Fig.19. The classification of a plate element within the cross-section is based on its
width-to-thickness ratio (c/t), material property ( ea/W ), boundary condition and stress
distribution. The overall class of a cross-section is defined as the class of the most slender plate
element in compression, i.e. the class of a welded I-section in bending is defined as the higher
class of the outstand flange plate subjected to compression and the internal web plate subjected to
bending. In the following subsections, the current cross-section slenderness limits for outstand plate
elements in compression and internal plate elements in bending are assessed based on the
experimental results and the parametric numerical database.

M A

M, __ Class2 Class 1

Class 3

Class 4

Rotationre

Fig. 19. Typical moment-rotation relationships of the four classes of cross-sections [6].

As described in Subsection 2.4 of Deliverable D2.4, in addition to the simulations performed at
RWTH Aachen University, a total of 800 parametric FE simulations were conducted at Imperial
College London to generate a large database of results on HSS beams, covering a broad spectrum
of cross-section aspect ratios, cross-section slenderness, material grades and loading
configurations. The ranges of variation of parameters considered in the parametric studies are
summarised in Table 4 of Deliverable D2.4. The ultimate bending moment My and the rotation
capacities Ro.gs calculated from the numerical results are analysed in the following subsections.
Note that 0.95M, instead of My was used to determine the rotation capacities Rogs to avoid
anomalies in the results, since the moment-rotation (curvature) curves for stocky cross-sections
are typically characterised by a long plateau region when the cross-section bending moment
approaches the full plastic bending moment M, before reaching a descending branch. This
approach has been employed previously by [8—10]. The rotation capacities Ro g5 for the three-point
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bending beams and the four-point bending beams are calculated by Egs. (12) and (13),
respectively.

Ryos = Drot,0.95 1 (12)
Ppi0.95
K

Ross = o1 (13)
Kol 0.95

4.2 Influence of material strain hardening

In Fig. 20, the ultimate bending moments M, obtained from the three-point bending tests and
numerical investigations in the three-point bending configuration are normalised by the cross-
section plastic bending moment My, and then plotted against the corresponding non-dimensional
cross-section slenderness :m, where o is the elastic buckling stress of the full cross-

section, calculated using the finite strip software CUFSM [11]. Simplified analytical expressions are
also available for determining the elastic buckling stress of full cross-section [12]. Data for
specimens made of normal (S355) strength steel are also plotted in Fig. 20 for comparison
purposes. The normalised ultimate bending moments MJ/My of the S690 steel beams and S460
steel beams in three-point bending are compared with those of the S355 steel beams in Fig. 20(a)
and (b) respectively. The rotation capacities Ro.gs of beams in three-point bending are compared in
the same way as the normalised ultimate bending moment My/Mp, in Fig. 21(a) and (b). It can be
observed that the data points for the HSS steel beams (both S690 and S460 steels) generally follow
the same trend as those of the S355 steel beams, especially for beams with slender cross-sections.
Lower normalised ultimate bending moment capacities were achieved for stocky S460 steel beams,
compared with stocky S355 steel beams, whose non-dimensional cross-section slenderness values
Jocs Were lower than 0.35. The stocky S690 steel beams were able to reach their plastic bending

moment My, but with the lowest normalised ultimate bending moment capacities. Similarly, the HSS
beams exhibited somewhat lower rotation capacities compared with the those of NSS beams, as
depicted in Fig. 21(a) and (b). The decrease in the normalised ultimate bending moment capacities
Mu/My for HSS beams relates to their lower level of strain hardening.
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Fig. 20. Comparisons of normalised ultimate bending moment Mu/Mpi in three-point bending between (a) S690
steel beams and S355 steel beams, and (b) S460 steel beams and S355 steel beams.
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Fig. 21. Comparisons of rotation capacity Ro.gs in three-point bending between (a) S690 steel beams and
S355 steel beams, (b) S460 steel beams and S355 steel beams.

4.3 Influence of cross-section aspect ratio

The ultimate bending moments M, obtained from the tests and numerical investigations in three-
point bending, categorised by aspect ratio H/B, are normalised by the cross-section plastic bending
moment My, then plotted against the flange slenderness ratio (c/ti&) in Fig. 22(a), where c is the
outstand width, t;is the flange thickness and , - 235/, » where fy ¢ is the yield strength of the flange.

The rotation capacities Ro g5 Of the beams are compared in the same way as the normalised ultimate
bending moment My/My in Fig. 22(b). It is evident that lower normalised ultimate bending moment
capacities and rotation capacities are achieved for Class 1 cross-sections having higher aspect
ratios for a given flange slenderness. Cross-sections having higher aspect ratios normally have
taller and more slender webs, so the beneficial effect of plate element interaction against the local
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buckling performance of the flanges in compression is reduced. This explains the reduced
normalised ultimate bending moment capacities and rotation capacities.
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Fig. 22. Comparisons of (a) normalised ultimate bending moment Mu/Mp and (b) rotation capacity Ro.gs for
beams with different aspect ratios H/B in three-point bending.

4.4 Influence of loading configurations

Different structural behaviour has been observed in previous studies [13] between beams in three-
point bending and four-point bending. The normalised moment-rotation relationship and normalised
moment-curvature relationship of a typical beam are illustrated in Fig. 23(a) and (b). A rounded
curve is seen in the moment-rotation relationship of the three-point bending beam, while a stable
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plateau observed in the moment-curvature relationship of the four-point bending beam. The
bending moment remains relatively constant along the stable plateau for the case of four-point
bending until the average strain at the outer fibre has reached the strain hardening strain s, along
the entire part of the beam where constant moment was applied (i.e. central part). By then, the
plastic bending moment My, of this beam is likely to be reached due to strain hardening, as explained
in [9].
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10— e SN —  — e — e —— - 1.0
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0.2 . .
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0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16 18 20 22 24

(/’/(Dpl K/Kpl
(@) (b)

Fig. 23. (a) Normalised moment-rotation relationship of a typical three-point bending beam, (b) Normalised
moment-curvature relationship of a typical four-point bending beam.

Fig. 24(a) and (b) show comparisons of the normalised ultimate bending moment My/M,, for beams
in three-point bending and four-point bending, plotted against the non-dimensional cross-section
slenderness 2,.. Fig. 25(a) and (b) show comparisons of rotation capacities Rogs for beams in

three-point bending and four-point bending in the same way as Fig. 24(a) and (b). It can be
observed that the beams in three-point bending can achieve higher normalised ultimate bending
moment capacities MJ/My than those in four-point bending when using the same cross-section,
which has been observed in previous studies by Chan et al. [7], due to the beneficial effect of
moment gradient. For a beam in three-point bending, the moment gradient within the beam allows
the stiffer parts (due to the lower level of plasticity experienced) of the specimen surrounding the
mid-span section where the maximum moment arises to delay the development of local buckling.
For a beam in four-point bending on the other hand, the central part between the two loading points
where constant moment is applied experiences essentially the same level of plasticity along the
full length, and hence such restraint to delay local buckling is not available. The loading
configuration does not affect the rotation capacity of a beam strongly as is shown in Fig. 25(a) and

(b).

19



STROBE

16 1.8 T
y * HSS-5690-FE 6 | | ® HSS-5690-FE
' * NSS-S355-FE I A NSS-S355-FE
12 14 |
“ |
1.0 t2 1 |
= . I q. * L = 10 - —-—- — A Eee, L e — s — s — s —
= o5 = PWgege,
= | S LN
> I s 08 I
06 | | |
| 06 | |
04 1 I 04 | I
02 F Class 1-2 IClass 3-4 02 L Class 1-2 | Class 3-4
00 R 00 A R
00 01 02 03 04 05 06 07 08 09 10 0 01 02 03 04 05 06 07 08 09 1
ip,cs j-]I),CS
(a) (b)

Fig. 24. Relationships of normalised ultimate bending moment Mu/Mp against non-dimensional cross-section

slenderness Zp,cs for S355 and S690 steel beams in (a) three-point bending and (b) four-point bending.
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Fig. 25. Relationships of rotation Ro.es against non-dimensional cross-section slenderness 1, for S355 and

S690 steel beams in (a) three-point bending and (b) four-point bending.

4.5 Assessment of Eurocode slenderness limits for HSS cross-
section classification

In this subsection, the experimental results reported in Deliverable D2.1 and Deliverable D2.2, the
FE data on S690 HSS welded I-section beams bent about the major axis, as reported in Deliverable
D2.4, and the existing data from the literature, as summarised in Table 1, are used to evaluate the
applicability of the current slenderness limits in prEN 1993-1-1: 2019 [6] to HSS welded I-sections
(up to Grade S690). According to the conclusions from Subsection 4.2, 4.3 and 4.4, the following
discussions about the cross-section slenderness limits for HSS welded I-sections are based on the
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test and FE results for the S690 steel beams and the S355 steel beams in three-point and four-
point bending. The proposals and conclusions can be safely applied to S460 steels.

Table 1: Summary of previous beam tests [2,14-18] on structural carbon steel welded I-sections

Author Reference Load configuration | Steel grade Number
of tests
Yun, Zhu, Gardner Deliverable D2.2 3-point bending S690 6
Feldmann, Bartsch, . . : S355 2
Schaffrath Deliverable D2.1 3-point bending S690 8
. : S700 2
3-point bendin
Schillo, Feldmann P ; S960 2
[14]
(2018) 4-point bendi S700 2
-point bending S960 5
SM490 3
3-point bending HSB800 3
Lee, Han, Uang, et al. 2] HSA800 8
(2013) SM490 2
4-point bending HSB800 2
HSA800 3
Shi, Xu (2019) [15] 3-point bending Q550 6
Sun et al. (2019) [16] 4-point bending S690 6
Shokouhian, Shi . .
(2015) [17] 4-point bending Q345 3
. o . Q460 2
Shi, Xu, et al. (2018) [18] 4-point bending 0890 3

451 Class 3 slenderness limits

The Class 3 slenderness limits for outstand plate elements in compression and internal plate
elements in bending are assessed based on the experimental (reported in Deliverable D2.1, D2.2
and existing data from the literature, as summarised in Table 1) and FE data on S690 HSS welded
I-section beams bent about the major axis (reported in Deliverable D2.4). The test and FE ultimate
bending moments are normalised by the cross-section elastic moment resistances Mg, then plotted
against the flange slenderness (i.e. c/ti&r) and web slenderness (c/twew) ratios in Figs. 26 and 27,
respectively. The results from S355 welded I-section beams, together with the current EC3 Class
3 slenderness limits (i.e. c/t:es = 14 for outstand plate elements in compression and c/twew = 121 for
internal plate elements in bending), are also plotted in Figs. 26 and 27 for comparison purposes. It
can be seen from Figs. 26 and 27 that the S355 and S690 data points generally follow the same
trend and the current EC3 Class 3 slenderness limits are deemed suitable for the classification of
internal webs (in bending) and outstand flanges (in compression) of HSS welded I-section beams.
This confirms the suitability of the current code provisions.
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Fig. 26. Examination of EC3 Class 3 slenderness limit for outstand plate elements in compression for beams
in (a) three-point bending and (b) four-point bending.
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Fig. 27. Examination of EC3 Class 3 slenderness limit for internal plate elements in bending for beams in (a)
three-point bending and (b) four-point bending.

4.5.2 Class 2 slenderness limits

The Class 2 slenderness limits for outstand plate elements in compression and internal plate
elements in bending are assessed based on the same test and FE data that are utilized in
Subsection 4.5.1. The test and FE ultimate bending moments are now normalised by the cross-
section plastic moment resistances My, then plotted against the flange slenderness (i.e. c/ti&) and
web slenderness (c/twew) ratios in Figs. 28 and 29, respectively. The results from S355 welded I-
section beams, together with the current EC3 Class 2 slenderness limits (i.e. ¢/t = 10 for outstand
plate elements in compression and c/tue, = 83 for internal plate elements in bending), are also
plotted in Figs. 28 and 29 for comparison purposes. It can be seen from Figs. 28 and 29 that the
S355 and S690 data points generally follow the same trend and the current EC3 Class 2
slenderness limits are deemed suitable for the classification of internal webs (in bending) and
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outstand flanges (in compression) of HSS welded I-section beams. Again, this confirms the
suitability of the current code provisions.
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Fig. 28. Examination of EC3 Class 2 slenderness limit for outstand plate elements in compression for beams
in (a) three-point bending and (b) four-point bending.
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Fig. 29. Examination of EC3 Class 2 slenderness limit for internal plate elements in bending for beams in (a)
three-point bending and (b) four-point bending.

4.5.3 Class 1 slenderness limits

To assess the current Class 1 limits for outstand plate elements in compression and internal plate
elements in bending, the rotation capacities Ro.o5 from both experiments and FE models are plotted
against the flange slenderness (c/tier) and web slenderness (c/twew) ratios in Figs. 30 and 31,
respectively. Note that the 0.95My instead of My was used to determine the rotation capacities
Ro.gs, as explained earlier. The Class 1 slenderness limits specified in EN 1993-1-1 [3] and the
rotation capacity limit of R = 3 are also shown in Figs. 30 and 31. The current EC3 Class 1
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slenderness limits (i.e. c/ties = 9 for outstand plate elements in compression and c/tyew = 72 for
internal plate elements in bending) appear somewhat unconservative for both NSS and HSS
welded I-sections. Lower slenderness limits of c/t:es = 8 for outstand plate elements in compression
and c/twew = 60 for internal plate elements in bending are thus proposed to provide safer predictions
for both NSS and HSS welded I-sections. The slightly stricter proposed slenderness limits are
considered to be essential for HSS due to the lack of historical precedent in applying plastic design
to HSS structures. The rotation capacities Ro.gs of the newly classified Class 1 cross-sections are
plotted against their flange and web slenderness ratios in Figs. 32 and 33, together with the
proposed Class 1 slenderness limits for outstand flanges (in compression) and internal webs (in
bending). Using the proposed stricter Class 1 slenderness limits, the applicability of plastic design
to HSS frames in investigated in Section 5.
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Fig. 30. Examination of EC3 Class 1 slenderness limit for outstand plate elements in compression for beams
in (a) three-point bending and (b) four-point bending.
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Fig. 31. Examination of EC3 Class 1 slenderness limit for internal plate elements in bending for beams in (a)
three-point bending and (b) four-point bending.
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Fig. 32. Examination of the proposed Class 1 slenderness limit for outstand plate elements in compression
(i.e. cltrer = 8) for beams in (a) three-point bending and (b) four-point bending.

50 50 :
4 © HSS-5690-FE R © HSS-S690-FE
45 - N 45 -
I 4 NSS-5355-FE . 4 NSS-8355-FE
40 - Aa A . 40 + AA
35 o 35 ¢ LhoM
W Laa a4
30 - ata 30 - A 4
8% y ‘ & Lot
=} r A A 225
a =] B Proposed Web
o ol R I Proposed Web ool L Class 1 limit=60
A a4 Class 1 limit=60 ooy 4
15 F N * % 4
-~ “ 15 + ot o, AAA
10 F ) ®o0® A L ) L
. N 10 . s %
.. ...... ® "" A A ...‘ .‘l
L - - s
SClasl L lAfteegeddl Class 2:4) S[Classl %  _la_ Cmglel o __ Class2-4)
0 . 0
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
c/ tew c/ toew
(@) (b)

Fig. 33. Examination of the proposed Class 1 slenderness limit for internal plate elements in bending (i.e.
c/twew = 60) for beams in (a) three-point bending and (b) four-point bending.

4.6 Conclusions

In this section, the current EC3 [6] slenderness limits for the classification of the outstand flanges
and internal webs of S690 welded I-sections in major axis bending are assessed based on the
experimental (reported in Deliverable D2.1 and D2.2 and collected from the literature [2,14-18])
and numerical (reported in Deliverable D2.4) results. It was confirmed that the current EC3 Class 2
and 3 slenderness limits are suitable to classify the outstand flanges (in compression) and internal
webs (in bending) of HSS welded I-sections. Based on the rotation capacity requirement of 3.0 and
rotation capacities Ro.9s calculated using the reduced plastic bending moment 0.95My,, stricter Class
1 slenderness limits for outstand flange in compression (i.e. c/ties = 8) and internal web in bending
(cltwew = 60) have been proposed for both NSS and HSS sections, and are considered to be
essential for the latter.
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5 Recommendations for plastic design of HSS
frames

5.1 General

Plastic design of indeterminate high strength steel (HSS) structures is not currently permitted in
Eurocode 3 owing to an absence of structural performance data supporting its use. The in-plane
bending tests on S690 welded I-section beams carried out in the present project and reported in
[16] indicated that, despite the lower ductility and strain hardening of HSS relative to normal strength
steel (NSS), a considerable amount of rotation capacity can also be achieved for HSS beams with
stocky cross-sections, demonstrating the ability to form plastic hinges and thus achieve moment
redistribution within HSS indeterminate structures. In addition, it was found that elastic design (i.e.
elastic analysis and the definition of failure at the point when the first cross-section reaches its full
capacity), as employed in EN 1993-1-1 [3] for HSS structures, even those with Class 1 cross-
sections, provides overly conservative resistance predictions for HSS continuous beams made of
S460 and S690 hot-finished square and rectangular hollow sections [19], while plastic design that
allows for moment redistribution at the global system level results in more accurate resistance
predictions. In this report, the design rules set out in both EN 1993-1-1: 2005 [3] and prEN 1993-1-
1: 2019 [6] for NSS structures are examined, assessing whether the methods provided for plastic
global analysis are suitable for HSS frames. Finally, an alternative method of design by second-
order inelastic analysis using beam elements with strain limits is presented and shown to provide
more accurate and consistent resistance predictions for HSS frames compared to the conventional
design methods.

5.2 Global analysis for structural frames with members made of
steel grades up to S460

The design of steel frames generally involves two steps: (1) the determination of the internal forces
and moments within the frame structure using either first-order analysis, defining equilibrium
equations with respect to the initial geometry (i.e. in the undeformed state) of the structure, or
second-order analysis, taking into accounting the influence of the global geometrical nonlinearity
(i.e. P-A effects or global second order effects) of the structure and (2) the performance of strength
and stability checks on individual members at both cross-sectional and member levels. Whether or
not the effects of the global geometrical nonlinearity should be considered depends on the extent
to which they increase the action effects (i.e. the internal forces and moments) in individual
structural elements or modify the structural behaviour. The susceptibility of a steel frame to the
global geometrical nonlinearity can be indicated by the elastic buckling load factor ac, which is
defined as the ratio of the critical load F that causes frame buckling in a global, in-plane (sway)
mode to the applied design load Fgq. The second order effects due to the global geometrical
nonlinearity are deemed to be sufficiently small to be ignored when acr 2 10 for an elastic analysis
[3], the limit of which has been established based on a requirement that the amplification of the
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action effects from second order behaviour should be no greater than 10% of those determined by
first order analysis. For frames designed using plastic analysis, a higher limit of a.- = 15, beyond
which second order effects may be neglected, is defined in EN 1993-1-1: 2005 [3], taking into
account the fact that steel frames are more susceptible to second order effects due to reduced
stiffness caused by the material yielding, the spread of plasticity and the formation of plastic hinges
associated with moment redistribution when the material nonlinearity is considered. Instead of
setting a higher limit on a to account for the reduced stiffness of frames, a revised approach is
employed in the latest version of Eurocode 3 Part 1-1: prEN 1993-1-1: 2019 [6], to assess the
influence of second order effects in the plastic regime, where a modified (reduced) elastic buckling
load factor acr,mod is Used with a limiting value of 10 (i.e. the same as that used for elastic analysis
according to EN 1993-1-1: 2005 [3]). The modified (reduced) elastic buckling load factor acrmod is
calculated based on the frame before forming the last plastic hinge, with hinges applied at locations
of previously formed plastic hinges; this is a simple, yet conservative, approach to account for the
reduced stiffness of frames with plastic hinges. The different Eurocode methods for analysing
second order effects are summarised in Table 2. According to EN 1993-1-1: 2005 [3], plastic
analysis can be employed for structures comprising members with Class 1 cross-sections and
made of steel grades up to S460, while for structures made of steel grades higher than S460, plastic
design is not permitted and thus elastic analysis (i.e. neglecting the inelastic moment redistribution)
should be used.

Table 2: Summary of different Eurocode methods for allowing for second order effects

Analysis type to consider
geometrical nonlinearity Method of accounting
for plasticity

Analysis type to
Code consider material Applicability

nonlinearity First order First order

EN 1993-1-1: 2005 & All steel grades and

prEN 1993-1-1: 2019 Elastic analysis cross-sections acrz 10 aer < 10
EN 1993-1-1: 2005 dor =15 0o < 15 Increased limiting
Steel grades up to value
Plastic analysis S460 and only Class
-1-1: 1 cross-sections Modified (reduced)
PrEN 1993-1-1: 2019 Germod 10 dermod < 10 critical load factor

In this report, the suitability of current Eurocode methods, as summarised in Table 2, for the analysis
of HSS frames is examined. Geometrically and materially nonlinear analyses with imperfections
(GMNIA) of a series of frames were carried out based on the developed and validated shell FE
models to generate benchmark data, as described in Subsection 3.3 of Deliverable D2.4. Frame
FE models using computationally efficient beam elements have also been developed and used to
perform different types of analyses including first order (linear) elastic analysis (LA), second order
(geometrically nonlinear) elastic analysis (GNA), first order plastic (materially nonlinear) analysis
(MNA) and second order (geometrically nonlinear) plastic (materially nonlinear) analysis (GMNA),
as described in Subsection 5.2; the results obtained from the above analyses are then compared
with the corresponding benchmark shell FE GMNIA data to evaluate the accuracy of the
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conventional global stability design rules to HSS frames, as discussed in Subsection 5.3. Finally,
an alternative design method that utilises beam FE models to carry out GMNIA with the concept of
strain limits from the continuous strength method (CSM) incorporated to represent the effects of
local buckling is introduced, along with design examples, in Subsection 5.4.

5.3 FE models using beam elements

FE models using computationally efficient beam elements are typically used in the analysis of frame
structures. In addition to the benchmark shell FE models described in Subsection 3.3 of Deliverable
D2.4, comparable beam FE models were also developed to perform a series of analyses (i.e. LA,
GNA, MNA and GMNA), the results of which are used to assess the global stability design rules set
out in EN 1993-1-1: 2005 [3] and prEN 1993-1-1: 2019 [6].

Beam FE models were created using the general purpose software package ABAQUS [20]. The 2-
noded, shear-deformable Timoshenko beam element, denoted as B310S in the ABAQUS element
library, was adopted for the beam FE models. The frame configurations, boundary conditions and
loading cases adopted in the beam FE models were the same as those employed in the parametric
studies using the validated shell FE models, as described in Subsection 3.3 of Deliverable D2.4
and summarised in Table 3. In the beam FE models, each flange and web plate was assigned 41
section points along their width, while each frame member was discretised into 500 elements, to
ensure that the spread of plasticity at both the cross-sectional and structural levels could be
accurately captured when material nonlinearity is considered. The engineering stress-strain curves
were employed in the beam FE models since the geometries of the cross-sections modelled using
beam elements remained unchanged throughout the analyses. The same frame in-plane out-of-
plumbness as employed in the shell FE models was assigned to the beam FE models, taking the
form of an initial sway imperfection with its amplitude scaled to 1/200 of the frame height Hxame, as
recommended in EN 1993-1-1:2005 [3]. For each of the modelled frame specimens, the direction
of the in-plane out-of-plumbness was defined such that it induced the greatest destabilising effect.
Member imperfections and residual stresses were not explicitly included in the LA, GNA, MNA and
GMNA analyses using the beam FE models since their influence was accounted for through
member buckling checks according to EN 1993-1-1:2005 [3]. In addition, local buckling, which
cannot be directly captured in beam FE models, was considered by cross-section checks based on
the concept of cross-section classification [3]. The fully rigid beam-to-column connections used in
the shell FE models for the parametric studies, as described in Subsection 3.3 of Deliverable D2.4,
were modelled using ABAQUS *MPC beam elements. As shown in Fig. 34, the *MPC beam
elements were adopted within each of the beam-to-column connection regions to account for the
finite size of the connections, which could have a noticeable influence on the locations of plastic
hinges and thus the overall resistance of the frame structure. The extent of the corresponding shell
FE model, where the finite size of the beam-to-column connections was explicitly modelled, is also
shown in grey in Fig. 34 for comparison purposes. Note that the vertical and horizontal point loads
were applied to the intersection points of the *MPC beam elements at the beam-to-column
connections, as shown in Fig. 34. The horizontal load-horizontal displacement at the top of the left-
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hand column paths for a typical investigated frame obtained from the shell and FE models are
shown in Fig. 35. The information regarding the frame configuration, cross-section geometry,
material grade and load case is also shown in Fig. 35. Note that, for a direct comparison between
the beam and shell FE models, same out-of-plumbness was incorporated into both models while
member out-of-straightness, local imperfections and residual stresses were ignored. As shown in
Fig. 35, the load-displacement curves obtained by the shell and beam FE models are very similar,
indicating that the developed beam FE models are able to accurately capture the global behaviour
of frame structures, but with significantly reduced computational cost relative to the shell FE models.

Table 3: Ranges of variation of parameters considered in beam FE models

[ i i i Horizontal Frame height Frame bay
rreme confouraten Maverd! Cross-section loading H Hirame (M) width Lirame (M)
|vi2 lvi2
H
-100x150%7.5x4.5, 8-;& 8%-

S355, 1-100x200x7.5%x4.5, 0'5\/’ 0.6V' ) 3456 5
S690 -L00X150x10x6, 2 o 19 4y 0,

| Lframe i |'100X200X14X84 09V, lOV

Val Shell FE model

*MPC,
beam elements

Fixed column-base connections

Beam FE model lV/ 2

Fig. 34. Boundary conditions and modelling of beam-to-column connection adopted in beam FE models.
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Fig. 35. Comparison of horizontal load-horizontal displacement at top of left-hand column curves for typical
investigated frame obtained from shell and beam FE models.

Different load factors a are used in the present study, defined on the basis of the value by which
the design load Fgq has to be multiplied to reach the load determined by the corresponding analysis
(i.e. LA, GNA, MNA, GMNA and GMNIA). The ultimate load factors a, obtained from GMNIA using
the shell FE models, as described in Subsection 3.3 of Deliverable D2.4, are taken as the
benchmark ultimate resistance values of the investigated frames. The approaches to determining
the other load factors used for evaluating different design approaches are described in the following
subsections.

5.3.1 Elastic buckling load factor acr and modified elastic buckling load factor
dcr,mod
The developed beam FE model was used to carry out a linear buckling analysis (LBA) of the frames
under the design loading, and the elastic buckling load factor a. was taken as the eigenvalue
corresponding to the lowest global sway buckling mode. Note that throughout the present study,
the design load employed in the analysis of each frame was taken as the corresponding ultimate
load predicted by GMNIA using the shell FE models, enabling all different load factors to be
determined relative to the same ultimate load factor ay. The elastic buckling load factors ac for the
tested HSS frame specimens (i.e. Series 1 and 2) were also determined using the beam FE models,
but with modifications to match the tested frame geometry, loading and boundary conditions, as
described in Deliverable D2.2. The horizontal load H was applied at the top of the right-hand column
of the modified beam FE models, as shown in Fig. 36. Spring elements were employed to simulate
the moment-rotation characteristics of the connections in the frame specimens, with their rotational
stiffnesses about the cross-section major axis (i.e. the Z-axis as shown in Fig. 36) taken as the
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corresponding values measured from the frame experiments, as summarised in Table 11 of
Deliverable D2.2. The effect of stiffeners at the connection regions was also considered in the
modified beam FE models by assigning increased flange thicknesses to the beam elements within
the connection regions (see Fig. 36) while adopting the measured cross-section dimensions, as
reported in Table 2 of Deliverable D2.2, to beam elements in the remaining regions. Note that the
increased flange thickness was determined by ensuring that the major axis section modulus of the
cross-sections with the increased flange thickness was similar to that of cross-sections at the
corresponding connection region. The frame specimens subjected to combined loading were tested
using a two-step loading procedure, where the vertical load was first increased to the pre-
determined load, after which the horizontal load was applied until failure of the frame specimen, as
described in Section 5 of Deliverable D2.2, resulting in non-proportional horizontal-to-vertical
loading throughout the testing. In the present study, the load factors obtained from the different
analyses for the tested frame specimens subjected to combined loading all correspond to the
ultimate stage of the test, i.e. adopting the maximum applied vertical load Viestmax @and horizontal
load Hiestmax (@pplied at the right-hand beam-to-column connection, as shown in Fig. 36) as the
design load in determining the different load factors.

Shell FE n:ijel lv
Beam FE model
X
a5 *—p Y b
+ .

— Beam element within connection region
@ Spring element

Fig. 36. Modified beam FE model for determining acr of tested frame specimens.

The modified (reduced) elastic buckling load factor dermod, @s included in prEN 1993-1-1:2019 [6],
was determined by conducting a linear buckling analysis (LBA) on the frame before forming the last
plastic hinge (i.e. the frame with hinges placed at the locations of the plastic hinges that have arisen
prior to the formation of a collapse mechanism) for each assessed load case. The locations of
plastic hinges was estimated from a first order plastic analysis (i.e. MNA); the states of the
investigated frame specimens at the point at which the penultimate plastic hinge formed for different
loading cases are illustrated in Fig. 37, where the red circles represent the locations of the plastic
hinges. The plastic hinges, as shown in Fig. 37, were modelled using ABAQUS *MPC Pin elements.
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The location of the plastic hinges was offset from the connection region to account for the influence
of the stiffened connection region, as shown in Fig. 37; the plastic hinge locations in the FE
simulations of the tested frame specimens are the same to those observed from the frame
experiments, as described in Section 5 of Deliverable 2.2.

lv

BH—0 s;

V/2 V/2
Y

H

— Beam element within connection region

@ Spring element

@) (b)
E& < V
H ,
H

P Beam element within connection region — Beam element within connection region
@ Spring element @ Spring element
(c) (d)

Fig. 37. Beam FE models with plastic hinges employed for determining the modified elastic buckling load
factor acr,mod for (@) frame specimens in parametric studies; (b) tested frame specimens subjected to vertical
load only; (c) tested frame specimens subjected to horizontal load only; and (d) tested frame specimens
subjected to combined loading.

5.3.2 EC3design load factors decs

The calculation of the EC3 design load factors agcs of the frames from different types of analyses
according to the rules for global stability design set out in EN 1993-1-1:2005 [3] and prEN 1993-1-
1:2019 [6] is described in this section. The developed beam FE models were used in conjunction
with cross-section and member design checks to determine the EC3 design load factors agcs for
the considered frame specimens. The different analyses employed for the determination of agcs are
summarised in Table 4. Plastic hinge analysis, in which material nonlinearity is accounted for
through the development of essentially zero-length plastic hinge within the structure, is used in all
cases by means of assigning the elastic-perfectly plastic material to beam elements with a small
length of 10 mm located at the member ends where plastic hinges form, while assigning elastic

32



STROBE

material behaviour to the remaining beam elements, as indicted in Fig. 38. Note that the EC3 design
load factors aecs for the frame specimens composed of Class 2 section members were taken as
the load factors from first order and second order materially nonlinear analyses (MNA)
corresponding to the formation of the first plastic hinge (Qpi_ist hinge 1 @nd Qpi_1st_hinge 2) for acr = 10
and ac < 10, respectively, since, although plastic design is not permitted, the current design
standards [3,7] still allow the full plastification of an individual cross-section within the structure. The
different load factors, as given in Table 4, were determined under the ultimate loading predicted by
GMNIA using the corresponding shell FE models (as described in Subsection 3.3 of Deliverable
D2.4) for the investigated frame specimens.

VIZl Beam FE model lV/Z
s

—l

H

Fixed column-base connections

v e

— Beam element with elastic-perfectly plastic material
— Beam element with elastic material

@)

lv
@ G
H

@ Spring element

— Beam element within connection region

— Beam element with elastic-perfectly plastic material
— Beam element with elastic material

(b)

Fig. 38. Beam FE model used to perform plastic hinge analysis to determine EC3 design load factors aecs for
(a) frame specimens in parametric studies, and (b) tested frame specimens.
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Table 4: Different analyses employed for the determination of EC3 design loads aecs for frames considered.

Code Cross-section  Elastic buckling load factor QEeC3
a2 15 i ;
Class 1 First order plastic collapse load factor api_col,1
EN 1993-1-1: dor< 15 Second order plastic collapse load factor api_col,2
2005 [3] aerz 10 First order first plastic hinge load factor api_1st hinge_1
Class 2 Second order first plastic hinge load factor
acer< 10 )
Qpl_1st_hinge_2
EN 1993-1-1: Qermod 2 10 First order plastic collapse load factor api_col,1
Class 1
2019 [6] a <10 .
cr,mod Second order plastic collapse load factor api_col,2
54 Results

In this section, the results of the first and second order analyses are compared to study the
response of the examined frames and to assess the rules for global stability design set out in EN
1993-1-1:2005 [3] and prEN 1993-1-1:2019 [6]. In the current Eurocode 3 (EC3) standards [3,6],
though plastification is allowed in HSS members with Class 1 and Class 2 cross-sections, plastic
design for HSS indeterminate structures is not permitted. The ratios of the GMNIA ultimate load
factor ay to the first order first plastic hinge load factor ap_ist ninge_1 are plotted in Fig. 39 against the
elastic critical load factor a. for the investigated HSS frame specimens with Class 1 and Class 2
cross-sections. It can be seen from Fig. 39 that the current EC3 predictions for HSS frame
specimens composed of Class 1 section members with a.- > 10 are conservative due to the neglect
of moment redistribution at the global system level, with a mean value of au/dp 1st hinge_1 €qual to
1.12 and a corresponding COV of 0.06; the conservatism is more pronounced for frame specimens
with higher values of ac (i.e. frames that are less susceptible to the second order effects). For HSS
frames composed of Class 2 section members with ac > 10, the current EC3 approach (i.e.
corresponding to the first order first plastic hinge load factor dp ist hinge 1) IS Shown to provide
generally accurate predictions, with a mean value of au/dp 1sthinge 1 €qual to 1.02 and a
corresponding COV of 0.06; some results for frame specimens with 10 < acr < 20 lie on the unsafe
side, but by less than 10%, as shown in Fig. 40. It can also be seen from Fig. 40 that for frames
with acr < 10, second order effects become dominant and are deemed necessary to be considered
in the analysis. For HSS frames composed of Class 2 section members, the ratios of au/aecs, where
Qecs is taken as the first order first plastic hinge load factor ap 1st ninge_1 fOr ae: > 10 and as the second
order first plastic hinge load factor ap_1st ninge 2 for acr < 10, are plotted against the elastic critical
load factor acr in Fig. 40. The current design provisions can be seen to be generally accurate for
the investigated HSS frame specimens composed of Class 2 section members, with an overall
mean value of au/aecs of 0.97 and a corresponding COV of 0.11.
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Fig. 39. Ratio of au/api_1st ninge 1 VErsus acr for the investigated HSS frame specimens with Class 1 and Class
2 cross-sections.
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Fig. 40. Ratio of au/aecs versus der for the investigated HSS frame specimens with Class 2 cross-sections.

The suitability of applying plastic global analysis to HSS frames with Class 1 cross-sections
(determined using the stricter proposed Class 1 slenderness limits) is examined by plotting the
ratios of auw/aecs, Where aecs is taken as the first order plastic collapse load factor dp col 1 for acr > 15
and as the second order plastic collapse load factor ap co 2 fOr acr < 15, against the elastic critical
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load factor acr, as shown in Fig. 41. The results from NSS frames are also plotted in Fig. 41 for
comparison purposes. It can be seen from Fig. 41 that the results for the HSS and NSS frames
generally follow the same trend, i.e. the influence of second order effects is similar for HSS and
NSS frames with the same value of a... The plastic design provisions are shown to be accurate for
HSS frames composed of Class 1 section members with ac < 15, with a mean value of ay/agcs of
1.03 and a corresponding COV of 0.02. The results of the HSS frames composed of Class 1 section
members with 15 < a¢ < 25 lie slightly on the unconservative side (i.e. within 10%) as shown in Fig.
41, though to a similar extent to those obtained from the NSS frames.
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Fig. 41. Ratio of au/aecs versus ac for the investigated NSS and HSS frame specimens with Class 1 cross-
sections.

The revised approach to the assessment of second order effects for plastic global analysis, as
included in prEN 1993-1-1:2019 [6], is also evaluated herein by plotting the ratios of a./decs against
the modified (reduced) elastic buckling load factor acrmod for both NSS and HSS frames with Class
1 cross-sections, as shown in Fig. 42. The ac,med Of all investigated frame specimens fall below the
limit of 10, requiring a second order plastic analysis to be conducted. The method of including
hinges in the linear buckling analysis for the determination of the elastic buckling load factor (as
described in Subsection 5.3.1) yields conservative results for all considered frame specimens, as
shown in Fig. 42. The method is based on the assumption that the stiffness reduction due to the
formation of the plastic hinges begins at the onset of loading, while, in reality, the frames initially
have their full elastic stiffness and it is not until the onset of plasticity that the gradual degradation
of stiffness begins; this assumption is simple and convenient, but results in conservative predictions
[21].
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Fig. 42. Ratio of au/aecs versus dc.mod for the investigated NSS and HSS frame specimens with Class 1
cross-sections.

It may be concluded from the above analyses that the current plastic design methods set out in EN
1993-1-1:2005 [3] are generally suitable for HSS frame specimens in conjunction with the stricter
proposed Class 1 slenderness limits. The use of a single limit of ac = 15 above which second order
effects can be ignored is somewhat crude and results in slightly unconservative results for the
investigated NSS and HSS frames. The new method of using the modified (reduced) elastic
buckling load factor ac,med to account for the increased susceptibility to second order effects due to
plasticity, as included in prEN 1993-1-1:2019 [6], has shown to provide conservative results for the
investigated NSS and HSS frame specimens. In the following section, a method of design by
second order inelastic analysis using beam FE models with strain limits is described and extended
to HSS frame structures.

5.5 Design by advanced inelastic analysis with CSM strain limits

5.5.1 Introduction

The conventional design of metallic structures is generally founded on the determination of the
internal forces and moments within the structure through a simplified structural analysis (e.qg. first
or second order elastic analysis), followed by a series of strength and stability checks on the
individual members. To improve design efficiency, an alternative system-level advanced analysis,
featuring the incorporation of both geometric and material nonlinearities, as well as imperfections,
is becoming increasingly used [21]. In such an approach, the erosion of stiffness due to buckling
and plasticity is explicitty modelled, and consequently the distribution of internal forces and
moments within a structure are accurately determined and frame and member stability effects are
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directly captured. The structural analysis is commonly carried out using beam finite elements for
ease of use and computational efficiency. However, beam elements are not able to capture cross-
section local buckling behaviour; thus, in current practice (e.g. EN 1993-1-1 [3]), cross-sections
checks based on the concept of cross-section classification are required. The codified treatment of
local buckling, however, leads to artificial steps in the resistance predictions, ignores the beneficial
effect of strain hardening for stocky cross-sections, fails to accurately account for the spread of
plasticity for non-compact (i.e. Class 3) sections and provides no useful information relating to
ductility demands, which is important for HSS. With the aim of overcoming the drawbacks resulting
from the concept of cross-section classification, a more consistent design approach has been
proposed [22], whereby the strain limits from the Continuous Strength Method (CSM), as described
later, are used to capture the influence of local buckling in a second-order inelastic analysis using
beam elements. The key aspects of the method are summarised in Subsection 5.5.2. lllustrative
examples are also provided.

5.5.2 Key aspects of advanced analysis with CSM strain limits

In the proposed design approach, beam elements are employed to perform an advanced inelastic
analysis, i.e. geometrically and materially nonlinear analysis with imperfections (GMNIA). The
ultimate resistance of a structure is then determined from the GMNIA as the lower of (1) the load
at which the averaged strain across the critical local buckling half-wavelength (described later)
reaches the corresponding CSM strain limit (i.e. obtained from the CSM base curve described in
Subsection 5.5.1) , or (2) the peak load after which the load versus deformation response descends.
Note that in the GMNIA models, the differences in the material stress-strain behaviour i.e. sharply
defined yielding for hot-rolled steel [23] and a rounded response for cold-formed steel [24], stainless
steel [25] and aluminium [26] should be appropriately modelled. The key aspects of the proposed
design approach are described in the following subsections.

CSM strain limits

The Continuous Strength Method (CSM) is a deformation-based method that replaces the concept
of cross-section classification with a continuous relationship (i.e. the CSM base curve) between
cross-section slenderness and deformation (strain) capacity [27]. The CSM base curve is utilised
to simulate local buckling by limiting strains in the beam FE models.

The CSM base curve defines the maximum strain &sm that a cross-section of a given local
slenderness 1, can endure prior to reaching its ultimate capacity. The cross-section slenderness
Jocs is defined in Eq. (14), in which the elastic buckling stress e should preferably be determined

for the full cross-section either using numerical methods, such as the finite strip software CUFSM
[11], or approximate analytical equations [12].
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Jnes =4[ 1,1 o (14)
The CSM base curve for cross-sections comprising flat plated elements (e.g. I-sections and square
and rectangular hollow sections — SHS and RHS) is given by Egs. (15) and (16), where ¢y is the
yield strain and Q provides an upper bound to the maximum level of strain that is tolerable in the
analysis. A value of Q = 15 is recommended for NSS. For HSS, a reduced value of 10 is
recommended to reflect the reduced ductility of HSS.

gcﬂ = (_)25 s but gcﬂ <Q for zp.cs <0.68 15
- (15)
8y ip,cs 8)’
u:[l_%l% for 0.68 < Apes <1.0 (16)
gy p,cs p,Cs

Strain averaging approach

The beneficial effects of strain gradients along the member length (i.e. generally resulted from
bending moment gradients) on the local stability of cross-sections, i.e. the ability of the less heavily
loaded cross-sections to provide some support in resisting local buckling to the critical cross-
section, have been widely recognised [28,29]. To account for this beneficial effect, a strain
averaging approach has been developed and implemented into the framework of design by
advanced analysis [22,30,31]. The strain averaging approach requires applying the CSM strain limit
&sm 10 an averaged compressive strain €gq,0 OVer the elastic local buckling half-wavelength Ly cs
(see Fig. 43) rather than the maximum compressive strain along the length of a member. The elastic
local buckling half-wavelength Ly cs can be obtained numerically e.g. using the finite strip method
software CUFSM [11] or through explicit formulae [32]. The location of Ly s over which the strains
are averaged generally corresponds to the region around the critical cross-section (i.e. the cross-
section subjected to the highest level of bending moment Mnax), as shown in Fig. 43(a). Since local
buckling can be constrained at positions where stiffeners are placed, for structural members with
stiffeners, Lpcs is located at one side of the stiffener, typically the side with the shallower strain
gradient (see Fig. 43(b)).
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Fig. 43. Bending moment diagrams (BMD), strain distributions and typical locations of Lvcs for (a) cases
without web stiffeners and (b) cases with web stiffeners.

Influence of high shear forces

High levels of shear force have a negative influence on the resistance capacity of steel members
and frame systems. The influence of shear force on bending resistance is accounted for through
the reduction factor pcsm applied to the CSM strain limit e;sm. The reduction factor pesm is given by
Eq. (17), where Vgq is the design shear force of the cross-section and Vpird is the plastic shear
capacity of the cross-section which can by calculated by Eq. (18). In Eqg. (18), Ay is the shear area
of the cross-section and ywmo is the partial factor for cross-section resistance, with a recommended
value of unity for carbon steels [3]. For cross-sections where the design shear force Veq exceeds
half the plastic shear capacity 0.5V rd, the cross-section must satisfy the requirement of Eq. (19).
Note that the shear resistance check (i.e. Veq £ Vpird) is also needed in the proposed design
approach, and shear buckling should be considered for cross-sections with slender webs.

1 for Vg, < 0.5V,
Pesm = 0.5 (17)
om | ———  for Vg, > 0.5V
0.5+ Vg Vg = PR

_A/NB

VpI,Rd - ¥ (18)
MO
_ % <1 for Veg > 0.5V (19)
pcsmgcsm
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Equivalent imperfections

For design by second order inelastic analysis using beam elements, the equivalent bow
imperfections with an amplitude of eo, as given by Eqg. (20), are employed to account for the
combined effects of geometric imperfections and residual stresses [33]. In Eq. (20), a is the
imperfection factor for the relevant buckling curve, as prescribed in EN 1993-1-12 [7], taken as
buckling curve b with a equal to 0.34 for HSS welded I-sections buckling about the major axis, and
B is a reference relative bow imperfection taken as 1/150L, where L is the member length. The
equivalent bow imperfections are applied to the beam FE models through direct modelling of the
imperfection shape as a half-sine wave.

g=off=a— (20)

Comparison of the proposed design approach with Eurocode methods

A comparison of the treatment of the key structural phenomena between the proposed method (i.e.
design by advanced inelastic analysis with CSM strain limits) and the traditional method provided
in EN 1993-1-1 [3] for the design of steel members and frames is summarised in Table 5. The
comparisons highlight the advantages of using the proposed design approach, with a more
consistent, rational and systematic treatment of local buckling, material nonlinearity, strain
hardening and the influence of strain gradient.

5.6 Conclusions

In this report, the design rules set out in both EN 1993-1-1: 2005 [3] and prEN 1993-1-1: 2019 [6]
for NSS structures are examined, assessing whether the methods provided for plastic global
analysis are suitable for HSS frames. It has been found that the current plastic design methods set
out in EN 1993-1-1:2005 [3] are generally suitable for HSS frames, provided slightly stricter Class
1 slenderness limits are employed. The use of a single limit of acr = 15 above which second order
effects can be ignored is considered to be overly simplistic for all structural systems. The new
method of using a modified (reduced) elastic buckling load factor ac,med to account for the increased
susceptibility to second order effects due to plasticity, as included in prEN 1993-1-1:2019 [6], has
shown to provide conservative results for the investigated HSS frames. An advanced design
approach that utilises beam elements in GMNIA, yet safely accounts for the cross-section behaviour
through the CSM strain limits has been introduced and extended to HSS frames. The proposed
advanced design method has been shown to provide more consistent and accurate resistance
predictions than current design approaches for NSS structures, and the same is anticipated for
HSS structures, as illustrated in a series of worked examples.
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Table 5: Overview of treatment of key structural phenomena in EN 1993-1-1 [3] and the proposed approach
of design by advanced inelastic analysis with CSM strain limits.

Design method

EN 1993-1-1 [3]

Elastic design

Plastic design

Advanced inelastic

analysis using beam

elements with CSM
strain limits

Global analysis

LA | GNA |

GNIA

MNA | GMNA | GMNIA

GMNIA

Frame
imperfections

Imperfect geometry or equivalent
horizontal forces (EHF)

Imperfect geometry or equivalent
horizontal forces (EHF)

Imperfect geometry or
equivalent horizontal
forces (EHF)

Member Member buckling Equivalent Member buckling Equivalent Equivalent
imperfections checks imperfections checks imperfections imperfections
im Ié(:gzlﬂon Cross-section classification; Cross-section classification; plastic

al?1 d local effective width method for Class analysis limited to structures with Strain limits

. 4 cross-sections Class 1 cross-sections
buckling
Ignored if Ignored if
Qcr = 10; Qcr = 15;
P-4 effec_ts Otherwise Global analysis Otherwise Global analysis Global analysis
(frame buckling) approx. appIox.
methods methods
P — ¢ effects . GIOb?I .
(member Member buckling analysis + Member buckling Global Global analvsis
. checks cross-section checks analysis y
buckling) checks
Moment . .
: Member buckling Member buckling
gradient effect checks with Cm Globa_l checks with Cm Globa_l Global analysis
on member analysis analysis
. factors factors

stability

Moment Strain averagin
gradient effect Ignored Ignored ging

- approach
on local stability
Force/moment
redistribution lanored Captured in global lanored Captured in global Captured in global
due to member 9 analysis 9 analysis analysis
buckling
Force/moment Captured in global
redlstr|but|o_n Ignored Captured in global analysis analysis and
due to material controlled by CSM
yielding strain limits
Spread of Ignored in analysis, Captured in global analysis using Cagtnu;: gilsnef]nlgbal
FI)asticit approximated in design checks elastic, perfectly plastic material controllid by CSM
P y for Class 1 and 2 cross-sections model ed by
strain limits
Strain lanored lanored Material model with
hardening 9 9 strain hardening
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6 ADDITIONAL INFLUENCES AND LIMITATIONS
REGARDING PLASTIC DESIGN

Apart from rotation checks and plastic design requirements, further aspects should be discussed,
as described in the following subsections.

6.1  Overstrength

As shown in several studies and the present experimental and numerical investigations, the rotation
capacity decreases with increasing yield strength. This concerns not only additional regulations for
high strength steels, but also general design rules for all steel grades, which are based on nominal
yield strength values, not considering an always present overstrength. Since nominal yield strength
values depict the lower 5% quantile or less of occurring yield strength values, commonly a certain
overstrength is present. As expressed by Fig. 44(a), this overstrength leads to a reduction of
rotation capacity @cqp t0 Pcap over» Which has to be considered.

M4 p I P
& & 2
MR component
I V" el dags o Z_ fy
f : fy,Mpl ~7 Pu
~7 Mp],iv rJI_ fl‘eq i _Y_p_l tA_p_ _—— freq
s b Zi 5
t : T 5% 1 ! 7: 5%
| b ! : | !
¥ L ! : 'L_,: AQreq
I 1 | |
] 1 I [
. ' (pcap,over : | 0 > : l(preq.over: 0 >
L_ (Pcap ;I| L (req !

(@ (b)
Fig. 44. Influence of overstrength on (a) rotation capacity and (b) rotation requirement of
an exemplary system
However, the overstrength also increases the plastic moment, which leads to a later development
of the plastic hinge, Fig. 44(b). The ultimate load of the system is therefore reached with a smaller
rotation. Accordingly, the required rotation is reduced from @,.q t0 @reqover With increasing
overstrength. A reduction of rotation capacity can therefore potentially be compensated.

6.2 Inappropriate systems for plastic design

Implicitly, regulations of EC3-1-1 [3] regarding cross-section classification consider a rotation
capacity of 3 to be safe, if plastic design is applied. In certain cases, the rotation requirement can
however be larger than 3.
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Fig. 45. Examples for inappropriate systems for plastic design

Fig. 45 shows two examples for a continuous two span beam (left) and a frame (right) not suitable
for plastic design. If a beam system has extremely unequal lengths of the two spans, large rotations
are needed in order to reach a second plastic hinge. The same applies to frames with extreme
height to length ratios.

6.3 Shape of bending moment diagram

When it comes to investigations on rotation capacity, a 3-point-bending test with a triangular
moment curves is often considered. In praxis however, bending moment diagrams are mostly
nonlinear or exhibit other different shapes, which can influence the moment-rotation behaviour and
the rotation capacity significantly, see exemplary Fig.. Here, different equivalent “substitute”
systems for areas between points of zero moments (points of inflection) are defined.

P P
l l unnnnnnnnnnnnnnnnnnnnnnnnnmnm q
Pay = 2

Mpl

P N‘

Mipl : —_— i :
S 7a 5? — © A@ —5@%}

Fig. 46. Two continuous beam disassembled into subsystems with different loading

Based on the numerical simulations, it has for examples been shown, that uniformly distributed
loads (and a 4-point-bending situation) lead to larger rotation capacities, while the ultimate moment
is smaller. Fig. presents three examples of different bending moment diagrams of the subsystems
with a length of 1,,, between the points of zero moment. Here, y describes the filling degree, which
is defined to 1 for the left case (single load in 3-point bending). For the middle case, y amounts to
2/3, if a single load and a uniform load in the opposite direction are regarded, as in the area of
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supports in continuous beams under uniform loads. For the third case on the right, simple beam
with uniform load, y takes thee value 4/3. The 3-point-bending test depicts a compromise between
other load situations, leading to lower or higher rotation capacity values.

’Bp]

e L e " e L
1 1 1 i 1 1
yv=1 " My v<1l 7 My v>1 Mpi

Fig. 47. Different bending moment diagrams for the same plastic moment My,
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7 ALTERNATIVE METHODS FOR A SAFE PLASTIC
DESIGN WITH HSS

7.1  Approaches for the estimation of rotation capacity

An approach to estimate the rotation capacity for a specific beam is given in [6, 7] based on folding
mechanisms, see Equ. (21):

4k 4Ebw3 2
Protpl = (fy+A’;y)bh< 5h‘;v + \/(fth) + 4f,btwhAo — fth> (22)
with
Koo = 1.4 . 22
fy — fy/400+0.25’fy in Mpa (22)

as a correction factor. The variable f,, depicts the yield strength, E is the Young’s modulus, Ao

amounts to 150 MPa and takes into account strain hardening in the plastic buckles. The value b
depicts the width, h the height, t the flange thickness and w the web thickness of the section.

Fig. displays a comparison of rotation angles calculated using Equ. (21) with the rotation angles
derived by simulations. For several cases, the equation underestimates the rotation angles of the
simulations. However, the approach is with 92% safe cases conservative.

f 7/
safe v
° 7/
0.8 ’
. o /
8 7/

_ g o y
e} 7/
]
= 7/
HEO 6 % 7

) 7/

s /

= B ,

70.4 7/

o /
N = 7 '% unsafe

0.2 PO
o
0
0.2 0.4 0.6 0.8 1

¢rot,cal,Feldmann [rad]

Fig. 48. Comparison of absolute rotation angle derived by the simulations to the calculated
rotation angle

It is noteworthy, that the overestimated cases by using the equation belong exclusively to
simulations of S500, not to S690 beams. This shows, that the correction factor kg, has a large
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impact on the results. Obviously, the factor reduces the rotations for larger yield strength in the
equation stronger, as observed by simulations.

When using the factor 1.1 instead of 1.4 in kf,,, a percentage of 99% safe cases is calculated. The
geometry of the unsafe cases is always a rather compact beam (web c/t = 18¢) or a rather slender
beam (web c/t = 72¢). Mostly, when a case is unsafe, (72%) the flow curve has a lower bound yield
ratio. Fig. shows two examples for modified ky approaches.
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Fig. 49. Comparison of absolute rotation angle derived by the simulations to different
modified calculated rotation angles

7.2 Individual rotation check

By using an approach to either calculate the actual rotation capacity of a beam numerically or based
on semi-analytical formula as presented in Section 7.1, an individual rotation check can be
performed.

The rotation requirement can be calculated analytically with the plastic hinge method. Two different
calculation approaches exist. While the first one is based on the principle of virtual displacement,
the second one uses the rotation angle method.

With the principle of virtual displacement, the load which is needed to achieve the plastic moment
is calculated, e.g. names Pi, for which a rotation angle @; is calculated. Then, the system is
moadified, forming a new hinge in the area of the plastic hinge. Afterwards, an additional loading P>
with a rotation angle @2 is applied at the same point as P1 and is then increased until the next
(second) plastic hinge develops. This is continued until the system becomes kinematic and
therefore collapses, so that no further load can be applied. The ultimate load is the sum of the
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applied forces P; and the required plastic rotation angle ¢.q the sum of the rotation angles ¢, without
the elastic rotation angle @1, see also Section 3.

An alternative method for determining the bearing load is to examine all possible collapse systems
with an energetic approach. The location of the plastic hinges is estimated and a virtual
displacement & is applied. Equating the internal work W; and the external work W, leads to the
required bearing load (W; = We). Internal work describes the energy which dissipates in the plastic
hinge, whereas the external work is the energy produced by a force load that is applied in the
direction of the deformation.

The rotation check can be performed by using Equ. (23):

(preq < q)rot,cal (23)
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8 Conclusions

An overview of the key topics pertinent to the plastic design of steel structures, including the rotation
capacity, the rotation requirement and the existing plastic design approaches, has been provided
in this report. Moreover, based on the experimental and numerical investigations of HSS beams
and frames, as described in the previous Deliverables D2.1 to D2.4, respectively, the current EC3
slenderness limits for the classification of internal webs and outstand flanges of S690 HSS welded
I-sections in major axis bending, as well as the plastic desigh methods for S690 HSS frames, have
been assessed. It has been found that the current EC3 Class 2 and 3 slenderness limits are
applicable to S690 HSS outstand plate elements in compression and internal plate elements in
bending, while stricter Class 1 limits of c/tir = 8 for outstand plate elements in compression and
cltwew = 60 for internal plate elements in bending are shown to be more suitable for both NSS and
HSS. Moreover, additional influences on rotation capacity, apart from material and slenderness,
have been discussed. Also, alternative approaches have been presented, where an individual
rotation check can be performed.

It has also been found that the current plastic design methods set out in EN 1993-1-1:2005 [3] are
generally suitable for HSS frames, provided the stricter Class 1 slenderness limits are employed.
The new method of using a modified (reduced) elastic buckling load factor acmoed to account for the
increased susceptibility to second order effects due to plasticity, as included in prEN 1993-1-1:2019
[6], has shown to provide conservative results for the investigated HSS frames. An advanced design
approach that utilises beam elements in GMNIA, yet safely accounts for the cross-section behaviour
through the CSM strain limits has been introduced and extended to HSS frames. The proposed
advanced design method has been shown to provide more consistent and accurate resistance
predictions than current design approaches for NSS structures, and the same is anticipated for
HSS structures, as illustrated in a series of worked examples.
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10 Appendix A: Statistical transformation

The following deals with a statistical transformation of the simulation results from deformation level
to load bearing level in the vicinity of R = 3. The transformation takes into account the information
on the average slope of the descending branch of the (M /M,,; — ¢/ ®.,)-curve as well as the mean
value and corresponding scatter of the R-values obtained from the simulations. Fig. 50 depicts the
schematic reasoning of the statistical evaluation procedure. As explained in Section 3, the value of
the required rotation capacity of Rreq = 3 should at least refer to a 5%-failure quantile.

However, the population investigated shows a failure quantile of 2.25% which is smaller than the
required one (5%) at R = 3. Hence, the actual distribution of R could virtually be shifted to the left
until praiowed = 5% occurs. We call this distribution “allowable distribution of R”.

If we transform the horizontal shift of R into a vertical shift of Mi then the corresponding “allowable
pl

distribution of 2 is below the actual distribution of —— at R = 3.
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Fig. 50. Statistical evaluation regarding rotation capacity and plastic moment level
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Accordingly, the ps-value of the allowable distribution at 1.0 Mil is 5% and at 0.95% Mil is 2.25%.
p 14

This means the following:

e The existing distribution fulfills more than the 5% failure quantile. It even fulfills the 2.25%
failure quantile which is the required safety of a pure cross-section fulfilling
m—Lfac m-—3.080
Ym = =
Ry Ry

o |f we virtually reduce the distribution of rotation capacity to a value where the failure quantile

of 5% is met at R = 3, then simultaneously the pf-value for Mi is 5%. However, if we reduce
pl

the moment resistance level from Mi =1.0to Mi = 0.95 then the failure quantile would again
pl pl
be pr = 2.25% (but which is not necessary).

Fig. 50 shows the situation in the moment-rotation diagram. Fig. 51 shows the corresponding
guantiles: the integral of the cyan curve represents 2.25% failure of the investigated cases (ti <

60¢, ? < 8¢). The integral of the red curve corresponds to pyexist of the black vertical distribution

and is P; << 2.25% (see blue quantile in Fig. 51).
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Fig. 51. Amount of unsafe cases, where the rotation capacity is smaller than an arbitrary rotation requirement
for two approaches
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