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a b s t r a c t
Exploiting the capabilities of the DUCTROT-M computer program, a comparison between cross-section
ductility classes, recommended in codes, and member ductility classes, proposed in technical literature, is
performed, showing very important differences. A numerical analysis was carried out examining the main
inﬂuencing factors such as collapse modes, fabrication details (welding, hot-rolling, connection details),
material properties, geometrical beam dimensions and type of action. Because the out-of-plane mechanism
produces very high ductility degradation during a cycling earthquake, the ﬁrst purpose of the study is to
determine the measures to eliminate this mechanism mode. For the welded beams, geometrical proportion of
the ﬂange and web thickness is the key, while for hot-rolled beams, the constructional detailing of the joint.
The contribution of the junction between ﬂange and web that increases the rotation capacity was revealed.
Consequently, rolled and welded sections possess different available ductility, but this effect does not
reﬂected to the current Eurocodes
© 2011 Elsevier Ltd. All rights reserved.

1. Introduction
In the ﬁrst part of this paper [1] a methodology based on local
plastic mechanism and the elaboration of a computer program
DUCTROT-M for determining the available rotation capacity of
wide-ﬂange beams are presented. Based on the experimental
evidences, two main plastic mechanisms are developed, in-plane
and out-of-plane, for gradient and quasi-constant moment loading
cases. Moreover, a validation of the DUCTROT-M software was carried
out comparing the experimental data from the technical literature
with the numerical results provided by the program. The correlation
meets the requirements for the stability and ductility topics,
indicating that the above mentioned software is capable to be applied
in practical design [1]. In this way the paper investigates several
practical aspects connected with the local ductility of steel beams.
The ﬁrst analyzed topic refers to the dispute of cross-section
ductility versus member ductility. In spite of the fact that some codes
prescribe the cross-section classiﬁcation concept many research
works contest this approach [2]. Having the possibility to compare
the results of the two different approaches of ductility, it is on the
right side to lighten this dispute.
Examining the theoretical and experimental results obtained on
standard beams presented in the ﬁrst part of this paper and relating
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these ones to the real constructional conditions, two main critics can
be mentioned:
– The neglect of the presence of steel or concrete ﬂoors on rotation
capacity. In this condition the formation of plastic local mechanism
is inhibited by the presence of ﬂoor slab. Consequently, in such
cases, the behavior under quasi-constant moment must not be
considered in design practice.
– All of these theoretical and experimental research works neglect
the fact that the beams are connected to the columns and the
rotation is not free (as in case of standard beams). The presence of
transversal beams connected in a joint generates a degree of
restrain preventing the out-of-plane mechanism. In these conditions, the main local plastic mechanism is the in-plane one.
After discussing the basic phenomena which contribute to the
local inelastic behavior of steel elements, a parametrical investigation
was executed in order to evaluate the available member ductility of
rolled and welded beams.
2. Cross-section ductility versus member ductility
Generally, in order to characterize a beam into a frame we distinguish
two ductility types, widely used in structural community, [3] (Fig. 1):
(i) Cross-section ductility, or curvature ductility, which refers to the
plastic deformations of cross-section, considering the independent behavior of the parts composing the cross-section itself.
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– C4, class 4, slender sections; sections are not able to develop their
total ﬂexural resistance due to the premature occurrence of local
buckling in their compression parts.
For the wide-ﬂange sections, the ﬂange and web slenderness are
deﬁned by the following ratios [4] (Fig. 2a and b) (e.g. for steel S235):

Fig. 1. Ductility types: cross-section and member ductilities.

(ii) Member ductility, or rotation ductility, when the properties of
members (interaction between cross-section parts, inﬂuence of
beam span and loading system) are considered.
The choice of structural ductility by one of these two types gives
rise to many discussions in the context of specialists [2].
The ﬁrst deﬁnition mainly used in code provisions, is based on
cross-section behavioral classes (Fig. 2c):
– C1, class 1, plastic sections; sections are characterized by the
capacity to develop a plastic hinge with high rotation capacity;
– C2, class 2, compact sections; sections are able to provide their
maximum plastic ﬂexural strength, but they have a limited
rotation capacity due to some local effects.
– C3, class 3, semi-compact sections; the bending moment capacity
for the ﬁrst yielding can be attained, without reaching the plastic
moment.

(a)

(b)

Section

Flange

Web

Type
prENV 1993
Rolled

c/tf

d/tw

C1 b 10
C2 b 11
C3 b 15

b72
b83
b124

C1 b 9
C2 b 10
C3 b 14

b72
b83
b124

EN 1993, Part1:2005
Welded

All the geometrical parameters regarding the hot-rolled sections
are presented in Fig. 2b.
The classiﬁcation limited only at the cross-section level has many
deﬁciencies [2]:
(i) Independent limitations between ﬂanges and web ratios are
unreasonable because, obviously, the ﬂange is restrained by the
web and the web by the ﬂange.
(ii) The local ductility depends not only on cross-section dimensions,
but also on the ratio between width of ﬂange and web, member
length, and loading type.
(iii) The subdivision in different classes does not correspond to the
actual behavior of beams. The elements behavior is continuous
and the given discrete values of slenderness to deﬁne different
classes seem to be very arbitrary taken from the independent
calculation of plate buckling with some adjustments.
In spite of these recognized deﬁciencies, this classiﬁcation is used
in the codes, due to its simplicity in design practice.
Another more effective classiﬁcation at the level of member
ductility for design has been proposed in [3,5] (Fig. 3). Following the
conceptual spirit of Eurocodes could be deﬁned as:
– HD (DCH), high ductility class, corresponding to members designed,
dimensioned and detailed such that they ensure the development of
large plastic rotations.
– MD (DCM), medium ductility class, corresponding to members
designed, dimensioned and detailed such that they ensure the
development of moderate plastic rotations.

(c)

Curvature

Rotation
capacity

1.5
Fig. 2. Cross-section classes: (a) Welded sections; (b) Rolled sections; and (c) Momentcurvature curve.

4.5

7.5

Fig. 3. Member ductility classes: moment-rotation capacity curve.

Author's personal copy
178

A. Anastasiadis et al. / Journal of Constructional Steel Research 68 (2012) 176–191

– LD (DCL), low ductility class, corresponding to members designed,
dimensioned and detailed such that they ensure the development
of low plastic rotation only.
Considering the deﬁnition of ultimate rotation capacity given by
relationship (3) from [1], the classiﬁcation criteria are:
– HD (DCH) R N 7.5
– MD (DCM), 4.5 b R b 7.5
– LD (DCL), 1.5 b R b 4.5
Members having R b 1.5 are considered non-ductile.
The comparison between the results obtained using DUCTROT-M
computer program for member ductility and the code provisions [4]
for cross-section ductility is presented in Figs. 4 and 5 for welded
beams. Only in-plane plastic mechanisms are considered (see
Section 3). In these ﬁgures the hachured areas show the cases when
the two classiﬁcations are coincidental. One can see that the
coincidence is very poor.
In Fig. 4, according to Eurocode 3: Part 1, [4], the buildup section
has web slenderness belonging to C1 class. In a general case when the
ﬂange thickness, tf, is equal to 8, 10, and 12 mm on can remark that,
while in member ductility the proﬁle belongs to LD, MD, and HD
classes, respectively, independently of ﬂange width, in cross-section
classiﬁcation concept the classes change in function of ﬂange width.

For instance, the proﬁles with ﬂange thickness, tf, equal to 12 mm can
be framed in HD class for the entire ﬁeld of ﬂange width, b, of 120–
280 mm. Conform to cross-section ductility criterion for b N 216 mm
the section belongs to C2 class, while for b N 240 mm to C3 class.
Consequently, it is noticed that interrelating both the concepts, the
classiﬁcation in different classes as a function of ﬂange slenderness is
contestable.
Fig. 5 considers a proﬁle with such web dimensions belonging to
C2 class due to the high web slenderness. In spite of this, the section
having ﬂange thickness, tf, of 12 mm, can be classiﬁed in HD class. For
this reason, even the sorting in different classes in function of web
slenderness is contestable.
Therefore, examining these ﬁgures, one can observe great
differences between the two concepts. The classiﬁcation in crosssection ductility and member ductility lead to very different results. If
the output provided by the DUCTROR-M software is considered reliable as revealed in [1,12,14] then the cross-section ductility
cannot be used in design practice and must be replaced by member
ductility.
A tentative for this purpose is presented in the 2005 Italian code
[6], which is based on the research works performed in [7]. In any case
the criterion used for member ductility is the over-strength factor s
(Fig. 6), instead of the rotation capacity factor R applied in
development of DUCTROT-M computer program. The relation s − R

Fig. 4. Cross-section versus member classes for a proﬁle with C1 class for web.
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Fig. 5. Cross-section versus member classes for a proﬁle with C2 class for web.

is studied in [7] deﬁning for ductile sections s N 1.2, R = 4.11–8.00;
plastic sections 1.15 b s b 1.20, R = 2.6–4.11. Unfortunately, the comparison of these criteria with the DUCTROT-M results is not possible
due to different parameters specifying the ductility.
3. Gradient versus quasi-constant moments
The methodology presented in ﬁrst part of the paper [1] considers
that in order to be evaluated the member ductility the element that
belongs to a structure must be modeled by replacing it in two effective
beams, namely the standard beam, SB1, loaded by a gradient moment
of a short span beam and the second one, SB2, loaded by a quasiconstant moment of a long span beam (Fig. 7). Hence, the ductility of
the beam is given by the minimum of the values determined for these
beams:
R = minðRSB1 ; RSB2 Þ
This approach neglects the presence of the slab, assuming that the
formation of local plastic mechanism is free. In reality, the interaction
of beam with the ﬂoor slab does not allow the plastic buckling of the

upper beam ﬂange. Hence, the formation of plastic mechanism will be
exhibited in the compression zone of the steel section of SB 2 standard
beam (Fig. 8). The plastic hinge in this zone with sagging moment is
developed with concrete crushing only. Therefore, the ﬁrst plastic
hinge is formed in SB 1 standard beam, for hogging moment, where
the formation of plastic mechanism in steel beam is free. Accordingly,
in practical design, for determining the available beam ductility, it is
sufﬁcient to consider only the SB 1 standard beam characterized by
gradient moment:
R = RSB1
4. In-plane versus out-of-plane plastic mechanism
The plastic buckling for SB 1 standard beam occurs for hogging
moment in compressed part by in-plane or out-of-plane plastic
mechanism (Fig. 9).
The validation of DUCTROT-M based on a mock-up that is
fabricated with only a simple reinforcement under the force, which
cannot prevents the lateral rotation of beam during plastic buckling.
The examination of theoretical and experimental results has provided
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s=

Fig. 8. Beam-slab interaction (a) Sagging moments; and (b) Hogging moments.
Fig. 6. Over-strength classes (after [6,7]).

that the great majority of tested beams (especially for rolled sections)
lose their carrying capacity by out-of-plane plastic mechanism. In
contrast, in practical situations, the beam ends are connected to a
complex joint, composed by a column reinforced with horizontal
stiffeners and transversal beams which inhibits the free lateral
rotation (Fig. 10). Therefore, the results obtained during the
experimental tests on the standard beams must be used only with a
careful examination regarding the plastic mechanism type.
In addition, it is essential to mention that during the experimental
tests provided from SAC [8] and RECOS [9] research programs, where the
beam ends were connected in columns, there are no collapse
mechanisms denoting out-of-plane deformations (see Fig. 5 from [1]).

(a)

(b)

(c)

After the Northridge earthquake, in order to protect the beam–
column connections, several experimental tests were executed using
the reduced beam section concept, RBS or dog-bone [10]. From the
experimental evidence one can remark that, in case of deep columns,
out-of-plane plastic mechanisms associated with an accelerated
degradation of connection rigidity are observed. This degradation is
due to the lateral-torsional buckling, produced from out-of-plane
force components. This is an additional reason to eliminate in practical
design the out-of-plane buckling mechanisms.
It is necessary to underline that the DUCTROT-M is the single one
in which the user can differentiate the cases when the ultimate
carrying capacity of beam is deﬁned by in plane or out-of-plane plastic
buckling.
A parametrical analysis performed on the European sections IPE
and HEA have shown that for these proﬁles the dominant local plastic
mechanism is the out-of-plane one (in accordance with the
experimental tests presented in ﬁrst part of this paper), with an
important reduction of rotation capacity in comparison with the inplane mechanism.

SB 1

SB 2

Fig. 7. Standard beam types: (a) Structure scheme; (b) Substructure conﬁguration; and
(c) SB1 and SB2 standard beams.

Fig. 9. Local plastic mechanisms for hogging moments: (a) In-plane mechanism; and
(b) Out-of-plane mechanism.
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Rotation capacity of European hot-rolled sections
Rolled sections

IPE300

In-plane
Out-of-plane

L = 5000
9.03
13.41
6.27
8.12

IPE400

IPE500

HEA400

HEA500

HEA600

15.00
8.83

L = 6000
21.13
9.75

36.12
10.29

40.59
10.51

Therefore, in order to obtain an increased local ductility of hot-rolled
sections, it is very important to solve the beam–column details in a way to
avoid the out-of-plane plastic buckling. An option is to increase the joint
twisting rigidity which can be greater than the lateral rigidity of beam.
For welded sections, there are two ways to eliminate the out-of-plane
plastic mechanism:
(i) To increase the joint torsional rigidity which can be greater
than the beam lateral rigidity.
(ii) To chose proper section dimensions preventing out-of-plane
deformations.
The ﬁrst measure is the same for both rolled and welded sections.
When the dimensions of cross-section can be selected in order to
eliminate the out-of-plane mechanism, then the solutions are presented
in [11] (Fig. 11). One can observe that for an increasing of ﬂange
thickness, an increasing of ultimate rotation is obtained for in-plane
plastic mechanism. Additionally for a given value, the in-plane
mechanism is transformed in out-of-plane plastic mechanism, while
the ultimate rotation practically remains invariable with the increasing
of ﬂange thickness. In order to eliminate the out-of plane plastic
mechanism, the ratio between web and ﬂange thickness must be chosen
in interval of 0.7 to 0.8. Because the European sections do not respect
this condition, those ones have the tendency to lose the carrying
capacity by out-of-plane plastic mechanisms.
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sections due to a rigid zone, named junction, which connects the web
with the ﬂange. This effect was introduced in the draft version of
Eurocode 3 (prENV 1993), whereas the ﬁnal code provisions [4]
prescribe conservatively the same slenderness limits for both rolled
and welded steel sections (see Section 2). The junction, r, creates a
condition under which the ﬂange buckles around the rigid zone,
(Fig. 12) thus reducing the ﬂange width and as a consequence
increasing the rotation capacity of the element. In order to evaluate
the available ductility under real constructional circumstances an
improved plastic collapse mechanism was proposed [3,12], (Fig. 12).
In this mechanism the increased plastic zone due to the junction is
introduced in local plastic zone.
Beneﬁting from the facilities of the DUCTROT-M computer
program, which implements the usual constructional details of
I-wide ﬂange sections, a parametrical analysis took place. The main
target is to demonstrate the contribution of the junction on the plastic
rotation capacity. Concerning the contribution of the junction on the
plastic rotation capacity, one can remark a very signiﬁcant increasing
of available ductility attaining approximately 50% and 85% for HEA
and IPE sections respectively as compared with the same sections
without junctions (Fig. 13).
A simpliﬁed method to consider the effect of this junction is to
correct the value of rotation capacity determined without junction
[12]:
ð1Þ

Rj = rj R
2

rj = ðc =cr Þ

ð2aÞ

5. Available rotation capacity of hot-rolled beams

cr = c–0:5tw −0:8r:

ð2bÞ

5.1. Inﬂuence of junction

The correlation between the values obtained using the modiﬁed collapse mechanism and the ones obtained using Eq. (1) is presented in Fig. 14, showing that this simple procedure allows to
determine the improved values of the rotation capacity of rolled
sections.
One must mention that the inﬂuence of junctions is much higher
than the approaches given in code [4]. This fact was not taken into
consideration in the mandatory version of the Eurocode 3, Part 1 [4],
excluding completely the contribution offered by the interaction
between ﬂange and web.

Hot rolled I-section members widely used for beams in multistory
buildings have different available rotation capacity than the welded

5.2. Ductility of reduced beam section (RBS)

Fig. 10. Beams in complex structures.

An idea of the weakening of ﬂanges at the beam ends has been
proved to be very effective solution, among others, safeguarding the
brittle joints. By cutting the beam ﬂange near the joint in a speciﬁc
zone (dog-bone), the moment capacity is reduced, thus allowing the
formation of plastic hinges away from the beam-to-column connection. In this way the ﬂange welds are protected generating stable
conditions for beam yielding (Fig. 15). A numerical study investigating the ductility of European IPE and HEA RBS connections was
presented in [13], providing a classiﬁcation according to member
ductility criterion depending on section reduction. It is important to
notice that the treatment of reduced beam section zone with respect
to cross-section ductility is doubtful, therefore the member ductility is
a promising option.
Fig. 16 presents the example of IPE proﬁle, for which the rotation
capacity is determined in function of the ﬂange reduction for in-plane
and out-of-plane plastic mechanisms. One can remark that an
important increasing of in-plane rotation capacity is obtained, if the
measure to prevent the joint twisting is assured. During the
experimental tests performed on standard beams (see Part 1, Section
4.3 [1]) it is evidenced that always the plastic buckling starts with an
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Fig. 11. Inﬂuence on ultimate rotation of in-plane and out-of-plane mechanisms.

in-plane mechanism, followed by out-of-plane mechanism due to the
weakening of buckled ﬂange. Moreover, experimental tests performed
in [10] have shown that, due to ﬂange reduction, this phenomenon is
accelerated. A result of this behavior is the reduction of lateral rigidity.
Because the plastic buckling occurs in the reduced beam section, away
from the joint, the measures to increase the joint rigidity have no
effects. This phenomena is mainly connected with the low twisting
rigidity of a deep column as compared with the shallow one. Practically
the collapse mechanism occurs by the out-of-plane plastic mechanism
(Fig. 16) and, in consequence, a reduction of rotation capacity must be
considered. In addition, due to the presence of out-of-plane forces
(Fig. 17) the degradation of lateral rigidity during cyclic loading is
more accelerated. A recommendation for the application of an extra
lateral bracing near the RBS region, to avoid the out-of-plane buckling,
is proposed in [10]. In any case a simple constructional solution is to

use shallow columns and deep beams (e.g. HEB/HEM columns and
IPE/HEA beams).
5.3. Member ductility of IPE and HEA beams
It has shown in Section 2 that the classiﬁcation based on the
section concept, used from Eurocode 3 [4], does not cover the real
deformational behavior of the element due to the fact that does not
consider some very important factors.
Based on the validated methodology of plastic collapse mechanism
a new member ductility classiﬁcation was proposed (see Section 2).
Tables 1 and 2 provide the monotonic available member ductility of
IPE and HEA European I-sections. For the elaboration of the tables,
using the DUCTROT-M computer program, all the crucial factors
affecting the local ductility (section and member characteristics, steel
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(a)
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(b)
Plastic zone

(c)

Fig. 12. Flange-web junction for rolled proﬁles: (a) Junction characteristics; (b) Modiﬁed plastic mechanism; and (c) Simpliﬁed approach.

quality, constructional details, type of loading) was taken into
account. A ﬁrst remark is that all the European proﬁles reveal an
out-of-plane mechanism due to the fact that the thickness ratio of
web and ﬂange, tw/tf, varies between 0.63–0.66 for IPE sections and
0.52–0.63 for HEA sections. This is a conﬁrmation of the numerical
results presented in [11]. A rule in order to avoid the out-of plane
mechanism is that this ratio must be higher than 0.7–0.8.
Secondly, comparing the section classiﬁcation according to [4],
with the proposed classiﬁcation it is evident that the available
ductility changes as a function of member span, Table 3. For IPE beams

a lowering plastic capacity could be observed as the member span
increases and the steel quality becomes higher. Generally, the same
conclusions could be observed for the case of HEA beams.
One must mention that the increasing of rotation capacity has two
opposite effects:
(i) A favorable one with respect to structural behavior, considering the
large capacity to dissipate seismic energy induced by the
earthquakes.
(ii) An unfavorable one, with respect to the fact that disappear the
ﬁlter against large strains in tension ﬂanges. Hence in case of
ground motions inducing high strain-rate the danger of brittle
cracking is increased. Due to this fact all the connections tested
in the research program of SAC [8] collapsed by the brittle
fracture.
Current codes do not prescribe direct criteria for the evaluation of
local available ductility. An important advancement of the Eurocodes
[4,14] will be the implementation of the ductility based design
together with the strength based design. Exploiting the current
knowledge such an achievement could be obtained considering that
the basic components of a frame (beams, columns, connections, slabs)
interact between them always taking into account the constructional
details of the structural system as well as the fact that exceptional
earthquakes (cyclic vs strain-rate loading) induce different inelastic
requirements in structural components.

Rsimpl

Rcomp

Fig. 13. Inﬂuence of ﬂange-web junction: (a) IPE proﬁles; and (b) HEA proﬁles.

Fig. 14. Good correlation between theoretical values and simpliﬁed approach.
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(a)

Reduced beam sections

(b)

Gradient moment

Moment capacity

Fig. 15. Reduced beam section, RBS: (a) Beam scheme; and (b) Positions of RBS.

6. Available rotation capacity of welded beams
6.1. Inﬂuence of welding type
For practical design an issue connected with ductility of welded
beams is the deﬁnition of ﬂange width as a function of welding type.
Using the same method as for rolled sections, in the ﬁrst step the
rotation capacity is determined without the inﬂuence of the junction
and after that a correction factor is applied using relations (1) and
(2a) for the effective widths, where:

stress. The decreasing is more important than the method proposed
in [4], in which the results must be multiplied with the factor
(235/fy) 1/2.
Due to this fact, for the strength veriﬁcations the minimum of yield
stress must be used, whereas for ductility veriﬁcations must be
performed with the maximum yield stress. Considering the random
variability of yield stresses [3], an approximate relation between
fymax and fymin is further proposed:
fymax = fymin + 50…70

ð4Þ

– for ﬁlled welds (Fig. 18a):
cr = c–0:5tw −1:1a

ð3aÞ

– for penetrated welds (Fig. 18b):
cr = c–0:5ðtw + aÞ

ð3bÞ

with a denoting the weld thickness. By a numerical analysis with
DUCTROT-M for the welded section (with L = 5000 mm) (Fig. 18) the
inﬂuence of welding type is:
Rotation capacity of welded sections
Welding type

Without welding
Filet welds
Penetrated welds

a, mm
4

5

6

7

3.71
3.55

3.14
3.78
3.58

3.86
3.62

3.91
3.65

As it can be noticed, the inﬂuence of welding thickness and the
welding type are not very important on the inelastic deformation of
such sections.

Fig. 20 shows the decreasing of rotation capacity taking account of
random variability. Obviously it is very important, therefore the
calculation of rotation capacity in the DUCTROT-M computer program
is determined considering the random variability of yield stresses.
6.3. Parametric studies on member rotation capacity
In order to establish the optimum solution providing the maximum
member ductility the inﬂuence of decisive geometrical cross-section
dimensions is examined. All the parameters used in study are presented
in Fig. 2a.
6.3.1. Inﬂuence of ﬂange thickness
Fig. 21 shows the inﬂuence of ﬂange thickness on the member
ductility. The increasing of rotation capacity is very high with the
increasing of ﬂange thickness. A comparison between cross-section
classes and member classes is also presented in this ﬁgure. The
observation from Section 2, referring to the critics about the discrete
subdivision in classes, is conﬁrmed. Member ductility of medium
class, MD, superposed over the cross-section class C3. Additionally,
the rotation capacity resulted from in plane mechanism is limited by
the out-of-plane mechanism.

6.2. Inﬂuence of steel grade and yield stress random variability
Fig. 19 presents the inﬂuence of steel grade on rotation capacity.
One can see that the ductility decreases with the increase of yield

6.3.2. Inﬂuence of ﬂange width
The proﬁle can be classiﬁed in C1 class reported to cross-section
classiﬁcation. However, the member classiﬁcation introduces the
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(a)

200

150

(b)

Fig. 16. Rotation capacity for RBS.

proﬁle in medium ductility class, MD, the variation of ﬂange width
having no signiﬁcant inﬂuence on the rotation capacity (Fig. 22).
6.3.3. Inﬂuence of web thickness
Contrary to the inﬂuence of ﬂange thickness, the decreasing of
rotation capacity with the increasing of web thickness is very
important (Fig. 23). The proﬁle is framed in class C1, while in relation
with the member ductility criterion can achieve a medium, MD, or
low, LD, inelastic capacity. The out-of-plane mechanism limits
the increasing of rotation capacity with the decreasing of web
thickness.
6.3.4. Inﬂuence of web height
Like the ﬂange width, neither the web height has a very important effect in increasing of rotation capacity (Fig. 24). The proﬁle
belonging to class C1 provides a medium level, MD, of rotation
capacity.

6.3.5. Inﬂuence of beam span
The inability of cross-section classiﬁcation to deal with the real
deformational capacity of steel element is shown in Fig. 25, where the
rotation capacity of a proﬁle framing in class C1, presents medium,
MD, and low, LD, ductility, in function of the beam span.
6.4. Conclusions for a proper selection of proﬁle dimensions
Generally, due to the functional reasons the beam span is not a
parameter which can be modiﬁed. Therefore, only cross-section
dimensions like thickness and width of ﬂanges as well as thickness
and height of web should be varied in order to obtain a proper
rotation capacity. The parametrical studies have shown that the ﬂange
width and web height have no important effects on increasing the
rotation capacity, and that the increasing of ﬂange and web thickness
has contrary effects. The reasons of these conclusions are related to
the wave-length of plastic mechanism. For in-plane mechanism the
rotation capacity is function of this length, the capacity of dissipating
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Table 2
Member classiﬁcation of HEA proﬁles.

Column

Tensioned
Flange
Compression
flange

energy being multiplied by increasing of yielding line lengths. The
length of plastic mechanism is given in [15], based on theoretical
researches and experimental data as:
3=4

L = 5000mm

Buckling
mode

S235

S355

S235

HEA 320

IP

HD

MD

HD

MD

HEA 340

IP

HD

HD

HD

MD

HEA 360

IP

HD

HD

HD

HD

HEA 400

IP

HD

HD

HD

HD

HEA 450

IP

HD

HD

HD

HD

HEA 500

IP

HD

HD

HD

HD

HEA 550

IP

HD

HD

HD

HD

HEA 600

IP

HD

HD

HD

HD

S355

Legend:
IP — In plane post elastic buckling mechanism obtained with measures to increase the
torsional rigidity of nodes.

Fig. 17. Out-of-plane mechanism for RBS, producing lateral forces (modiﬁed after [10]).

Lm = 0:6ðtf =tw Þ

L = 4000mm

Steel section

Secondary
beam

1=4

ðd=bÞ

ð5Þ

b

Examining the relationship (5) it is obviously that the ratio tf/tw
has a great inﬂuence on the plastic mechanism length, while the ratio
d/b has a reduced inﬂuence. These observations are conﬁrmed by the
numerical tests on rotation capacity. The main factor affecting the
rotation capacity is the increasing of ﬂanges thickness. In addition, the
factor producing the most important decreasing of rotation capacity is
the web thickness.
As it is shown in Section 4, an attention must be paid to eliminate
the possibility to occur the out-of-plane mechanism. This deformational condition drastically reduces the rotation capacity and also
accelerates the degradation during cycle loading. Fig. 26 examine the
inﬂuence of the ﬂange width and web height. Keeping constant the
web thickness, tw, for instance taken equal of 8 mm and varying the
ﬂange thickness, the following observations could be done: for ﬂange
thickness, tf, equal of 10 mm, the dominant mechanism is the in-plane

Table 1
Member classiﬁcation of IPE.

Steel
Buckling
section mode

L = 2000mm

L = 3000mm

L = 4000mm

L = 5000mm

S235

S355

S235

S355

S235

S355

S235

S355

IPE 300 IP

HD

HD

HD

MD

---

---

---

---

IPE 330 IP

HD

HD

HD

MD

HD

MD

---

---

IPE 360 IP

HD

HD

HD

HD

HD

MD

MD

LD

IPE 400 IP

HD

HD

HD

HD

HD

MD

MD

LD

IPE 450 IP

---

---

HD

HD

HD

MD

MD

MD

IPE 500 IP

---

---

HD

HD

HD

MD

MD

MD

IPE 550 IP

---

---

---

---

HD

HD

HD

MD

IPE 600 IP

---

---

---

---

---

---

HD

MD

IP — In plane post elastic buckling mechanism obtained with measures to increase the
torsional rigidity of nodes.
— — Sizing of the member would be other than ductility limit state. For instance
serviceability limit state would be the predominant criteria for member sizing.

one (Fig. 26a), for tf equal to 12 mm, the both plastic mechanisms are
presents (Fig. 26b), while for tf equal of 14 mm only out-of-plane
mechanism is present (Fig. 26c). Therefore, in order to eliminate the
out-of-plane plastic mechanism and fulﬁll other structural properties
such as stiffness and strength, the ratio of ﬂange to web thickness, tf/
tw, is recommended to be taken between 1.10 and 1.35. Moreover, as
a design rule of thumb or for preliminary design purposes it is
proposed that the thickness of ﬂange and web could be approximately
of the same order.
7. Inﬂuence of beam–column details
The DUCTROT-M computer program provides the opportunity to
study the inﬂuence of some beam–column details on rotation
capacity, by considering the position of plastic mechanism and
rotation point. Three possible connection types are presented in
Fig. 27.
(i) Column without continuity plates (Fig. 27a), when ﬂange
plastic mechanism is situated near the column and the column
ﬂange is involved in the plastic mechanism. The rotation point
is situated near to column ﬂange. In this case the determined
rotation capacity is R = 5.69.
(ii) Column with continuity plates (Fig. 27b), when the position is
far away from the column ﬂange, an increasing of rotation
capacity is obtained due to asymmetry of plastic mechanism
shape: R = 7.13.
(iii) Connections with cover plates (Fig. 27c), used in order to
protect the welded connection and to force the development of
plastic hinge away from the column face, case in which the
plastic mechanism is free to develop an optimum shape by
choosing a favorable rotation point. Due to this fact the
increasing of rotation capacity is very signiﬁcant: R = 12.48.
8. Conclusions
The applications of DUCTROT-M computer program prove the
possibilities of this one to solve many important problems in
determining the local available ductility. The comparison between
cross-section and member ductility classiﬁcation shows that the ﬁrst
cannot determine the proper local inelastic capacity and the code
provisions must be modiﬁed, by adopting the member classiﬁcation.
The aforementioned software examines both the collapse modes
given the opportunity to decide if the plastic buckling mode is inplane or out-of-plane. Another signiﬁcant discussed topic herein is the
importance to eliminate with constructional details the out-of-plane

Author's personal copy
A. Anastasiadis et al. / Journal of Constructional Steel Research 68 (2012) 176–191

187

Table 3
Comparison between section and member classiﬁcations.

IPE 300

Code / Proposal

IPE 360

IPE 400

IPE 450

IPE 500

IPE 550

IPE 600

S355

S235

S355

S235

S355

S235

S355

S235

S355

S235

S355

S235

S355

S235

S355

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

HD

HD

HD

HD

HD

HD

HD

HD

---

---

---

---

---

---

---

---

L=3000

HD

MD

HD

MD

HD

HD

HD

HD

HD

HD

HD

HD

---

---

---

---

L=4000

---

---

MD

MD

HD

MD

HD

MD

HD

MD

HD

MD

HD

HD

---

---

L=5000

---

---

---

---

MD

LD

MD

MD

MD

MD

MD

MD

HD

MD

HD

MD

Classification
according to
EN 1993
Part 1-1:2005
Classification
according to
plastic collapse
mechanism

IPE 330

S235

L=2000

Legend:
Worst behavior than predicted in EN 1993, Part 1 — 1:2005.
— — Sizing of the member would be other than ductility limit state. For instance.
Serviceability limit state would be the predominant criteria for member sizing.

buckling mode. The studies concerning the Euro-proﬁles IPE and HEA
show that the out-of-plane buckling is the main deformational mode
of these proﬁles. Therefore, it is very important to solve the joint
details to avoid this buckling mode. The reduced beam section, RBS, in
case of deep columns, decreases the level of ductility and increases the
ductility degradation in case of cyclic loadings. A practical solution to
diminish this effect is to use shallow columns and deep beams or to
provide, with care, an additional lateral bracing near the RBS zone. For
the welded proﬁles, the proportion between ﬂanges and web plays a
leading role in the elimination of the out-of-plane buckling.
Accordingly, a ratio of ﬂange to web thickness, tf/tw, varying between
1.10 and 1.35 is recommended. For preliminary design a simple rule of
thumb is to select the ﬂange and web thickness of the same order.
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Fig. 18. Welded proﬁle types: (a) Filled welds; and (b) Penetrated welds.

Fig. 19. Inﬂuence of yield stress and steel grade on rotation capacity.
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Fig. 20. Inﬂuence of random variability on rotation capacity.
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Fig. 21. Parametrical study: inﬂuence of ﬂange thickness.
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Fig. 22. Parametrical study: inﬂuence of ﬂange width.

Fig. 23. Parametrical study: inﬂuence of web thickness.
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Fig. 24. Parametrical study: inﬂuence of web height.

Fig. 25. Parametrical study: inﬂuence of beam span.
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Fig. 26. Optimum adjustment of welded proﬁles.
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Fig. 27. Inﬂuence of beam-column details on rotation capacity.
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