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Abstract: The ultimate load and collapsing modes of steel frames under combined vertical and horizontal forces are investigated
through finite element (FE) modelling and limit analysis. Consideration is given to a frequently overlooked problem which is the
kinematics arising from the actual rotation of the plastic hinges under axial force and bending moment. This fact draws attention to
the necessity of a careful assessment of the limit analysis approaches, a fact that might be seen as somewhat in line with the
outcome from famous paradoxes, such as the one by Stiissi and Kollbrunner (1935), which can only be solved by making reference
to both elastic and plastic deformations. As a result, it can be shown that in such a manner, it is possible to obtain a handy tool
capable of competing with much more computationally expensive methodologies. The approach may be relevant to practising
engineers dealing with code prescriptions and standardization committees.
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1 Introduction and idealised model of the structure must be adopted

The collapse factor represents an important
outcome of a plastic structural analysis and it is a
significant parameter in the framework of the safety
assessment and economical design of ductile
structures.

From this point of view, classic limit analysis is
concerned with the problem of finding how resistant a
given structure is with the aim to estimate the factor
by which the loads component needs to be amplified
so that a structural crisis occurs, which takes the form
of plastic collapse (Chen, 1988). A plastic collapse
takes place when the structure is converted into a
mechanism by the development of a suitable number
and disposition of plastic hinges. To apply the
methods of limit analysis, however, a very simplified
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and, notwithstanding the fact that hundreds of papers
have been devoted to the topic, some consequences of
apparently unimportant simplifications still seem to
have not been properly and firmly highlighted. To get
a perspective of the research made in this field and of
the main issues concerning the real elastic-plastic
behaviour of steel structures and of the influence of
simplifying hypotheses adopted in the limit analysis
methods, reference can be made to Petrolito and
Legge (2012). They present a review of previous
works related to different methods for plastic analysis
of steel frames, including “various approximate the-
ories that can be derived from the general non-linear
theory” and “high-accuracy solutions to a series of
benchmark problems for a variety of modelling as-
sumptions”. Several different approaches for different
types of plastic analysis are presented, discussed or
referenced in some books and reports (Massonnet and
Save, 1976; Halleux, 1981; Save et al., 1991). The
effects of strain hardening, local buckling, limit
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deformations, position of the neutral axis and bending
moment-axial force interaction on the formation and
position of plastic hinges, or on the spreading of the
yielded zones are covered (Davies, 2002; 2006; Bap-
tista and Muzeau, 2006; 2008; Abbas and Jones,
2012).

Possible shortcomings of limit analysis clearly
emerge from well-known paradoxes, such as the one
by Stiissi and Kollbrunner (1935), which can gener-
ally be solved only by making reference to a meth-
odology comprising both elastic and plastic
deformations.

On the other hand, the collapse factor can also be
computed in a step-by-step fashion by following the
evolution of the inelastic structural response of a
suitably discretized structure to a given loading his-
tory (Chen, 1988), but such time-stepping analyses
are computationally demanding and unsuitable for
design or assessment purposes in the normal engi-
neering practice. Additionally, they need accurate
modelling and interpretation of results. For this rea-
son, many codes for the design of steel building
frames, such as Eurocode 3 (EC3, 2005; Gardner and
Nethercot, 2005; Trahair et al., 2008) make refer-
ences to limit analysis for design and assessment of
the capacity loading of steel structures under com-
bined static and seismic loadings.

In the present study it is shown, by means of
some simple examples, that, if references are not
made to the actual kinematics arising from the plastic
hinges on account of the axial force-bending moment
interaction, the safety factors of the frame structure
may be significantly affected, and also in common
loading cases. More importantly, different behaviours
of the plastic hinges may give origin to different col-
lapse mechanisms, and thus render this primary in-
formation from limit analysis misleading for the de-
sign of new structures and for the strengthening of
existing ones.

To this purpose, both the commercially available
finite element (FE) package ANSYS® (ANSYS,
2011) and a purposely written automatic implemen-
tation of the limit analysis procedures (Cohn and
Maier, 1979) within the framework of the symbolic
code MATHEMATICA® (Wolfram, 2003) have
been employed. The ultimate loading capacity of a
few structures has been analysed and discussed. The
methodology is presented in the form of a handy tool

which can be acceptable to practising engineers and
help them to analyse the effects of the design param-
eters of the cross section on the ultimate load and the
actual kinematics at collapse in a direct and very
effective way. This is done in much the same spirit of
a simplified analysis of the influence of soil-structure
interaction proposed in the past by one of the present
authors (Guarracino et al., 1992).

Through advancing classical procedures and
focusing on a specific aspects, this paper highlights
the need for engineers dealing with limit analysis
within the framework of current European codes to be
aware of the possibility that a local approximation in a
very idealised model of a structure may unexpectedly
give origin to different collapse kinematics, a fact
which is acknowledged in stability analyses for a
broad class of structural members (Guarracino and
Walker, 2008). The intention is also to add practical
knowledge to some recent theoretical investigations
(Fraldi et al., 2010).

2 Methods of plastic analysis of ductile
frames

Broadly speaking, engineers have two categories
of methods at their disposal for the assessment of
collapse analysis of ductile frames: the finite element
nonlinear step-by-step methods and the limit analysis
methods of plasticity. The FE analyses are more
general, but can be very time-consuming, depending
on the degree of discretization applied. In fact, di-
viding beams and columns into a fine mesh of ele-
ments may give indications about the actual localiza-
tion of plasticity and failure but also become rapidly
unfeasible from a computational standpoint for the
overall analysis of multi-story buildings. Also, con-
vergence and stability issues in very large problems
may also lead to incorrect results. On the contrary,
limit analysis methods are focused on the determina-
tion of the global safety margins of the structure and
lead to the solution of much simpler convex optimi-
zation problems.

Limit analysis is based on the rigid-plastic the-
ory in which the plastic collapse load is evaluated
through a virtual work formulation and elastic de-
flection is ignored and, although there has been re-
strictions in its use, it has merits for the ultimate
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assessment of ductile frames, especially in the case of
extreme scenarios, propped by unforeseen events
which are impossible to be incorporated in a compu-
tational model via usual loading concepts, given that
any data for them are absent and the associated un-
certainties are significant. An inverse way of simula-
tion is therefore recommended by most guidelines
and can often be effectively pursued by limit analysis
methods, as it is the case, for example, of the so-called
column loss, which suggests the analysis of the
structural system incorporating the absence of an
important part of the structure, like a column, im-
plying that the specific element is completely dam-
aged as a result of an abnormal event (Kim and Huh,
2006; Kwasniewski, 2010).

However, as anticipated in Section 1, all the
simplifications at the basis of the procedures might be
sometimes overlooked and not properly accounted in
a much idealised modeling of the structure and as
such they require careful attention. This is the case of
the effects of the plastic hinges localization through
the cross section on the collapse load and kinematics
of the structure.

To this purpose, in what follows, two elementary
examples will be first discussed and a comparison
will also be drawn between the results from a
non-linear FE analysis and the limit analysis proce-
dure. Successively, the focus will be set on a partic-
ular automation of the static method by means of the
symbolic code MATHEMATICA® which will show
how it is possible to derive the collapse kinematics on
account of actual positioning of the plastic hinges
through the cross section in a very simple and direct
manner.

3 Design of steel structures according to
EC3 and axial force-bending moment
interaction

The cross section of frame columns is usually
biaxial symmetric because frame columns are often
subjected to biaxial bending (Fig. 1).

Over the years several criteria for the analysis of
steel I-sections subjected to axial forces and bending
moments have been proposed (Baptista, 2012), but
for the present purposes the initial yielding surface of
a column section can be determined by linear su-

perimposition of normal stresses within the elastic
scope and can be written as follows:

<1, (1)

where M, and M, are the bending moments applied
about the x-axis and y-axis, respectively, N is the
axial force applied, and M,,, M,,, and N, are the full
yielded cross-section resistances when M,, M,, and N
are applied alone, respectively. For simplicity, Fig. 2
shows the linearized yield domain when only one
bending moment, either about the x-axis or the y-axis,
is applied. It is worth noticing that the yield domain of
Fig. 2 corresponds to a full yielded cross-section
resistance criterion and is in actual fact a linearization
of an intrinsically non-linear interaction curve. As a
matter of fact, this linearized approach can be gener-
ally regarded as conservative even if the additional
resistance reserve, up to the real non-linear criterion,
is larger in the case of a cross-section subject to

Fig. 1 A typical steel member
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Fig. 2 Idealized yield domain in the M-N plane for an I
section
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a small axial force and a considerable bending mo-
ment, than in the case of a cross-section subject to a
large axial force and a small bending moment. Addi-
tionally, the formation of the plastic hinge is more
gradual in the first case than in the second one. As a
consequence, this simplifying hypothesis may render
the cross-section bending mechanizms more frequent
in the limit analysis than they really are in practice.
However, the yield domain of Fig. 2 is customarily
employed in limit analyses (Massonnet and Save,
1976; Chen, 1988) and its adoption allows a substan-
tial simplification of all the calculations. Given that
such a simplification has been proven reliable in a
large number of real-world cases and is normally
prescribed by several codes, the present treatment will
be based on its implementation with the explicit
warning that all the results, as it is normally the case
in limit analysis, must be carefully judged and as-
sessed in the factual practice.

It is worth noting that the Eurocode 3 (EC3,
2005) requires that the plastic hinges must ensure the
real capacity to develop the necessary rotations, but it
does not explicitly make reference to the M-N inter-
action with respect to limit mechanisms.

In fact, the EC3 (2005) states that the global
plastic analysis can be performed by means of rigid-
plastic or elastic-plastic analyses and that the plastic
hinge can occur in the column or beam with sufficient
rotation capacity.

Conversely, EC3 explicitly deals with M-N in-
teraction with reference to transverse sections of the
structural elements of classes 1 and 2 and with ref-
erence to the interaction M-N-T, albeit without any
kinematic consideration.

Overall, it is important to realize that this fact
may lead to an incorrect evaluation of the problem,
especially if the collapsing behavior is drawn from the
elastic solution, as shown in the elementary examples
which follow.

3.1 Example 1: axial force-bending moment in-
teraction in a statically determined horizontal
beam

The collapse factor for a simply supported beam
considered under pure bending (that is, neglecting the
effects of the axial force on the ultimate resistance of
the cross section) (Fig. 3), can be straightforwardly
obtained by means of the static theorem of limit

analysis (Neal, 1963) by prolonging the vector rep-
resenting the M-N status at the section B in the elastic
range until the horizontal line through M, is met, as
shown in Fig. 4.

Thus, it is

M

A, =—". 2
Y FLP(-p) ®
Conversely, the collapse load multiplier for the
same simply supported beam but accounting for both
bending and axial forces is obtained in the same
fashion by prolonging the vector representing the
M-N status at the section B in the elastic range until
the yield locus is met (Fig. 4).
It follows

M N
/IM,aF = — ®)

FIM,a + N,LB(1- )]

The same results are obtained by means of the
kinematic theorem (Neal, 1963) (Fig. 5). In fact, un-
der pure bending, the result Eq. (2) is given again by
the virtual work equation. It is worth noticing that in
such a case the rotation at the plastic hinges must be
assumed to take place with the pins at the center of the

Fig. 3 Example 1: a simple supported beam
o is the axial force multiplier

MA
p P — M,
Mu Nu 1 AM,aF Mu
M, N, ~
No N, No N
-M,)

Fig. 4 Example 1: yield condition at a section for pure
bending or combined bending and axial forces
N, and M, are the values of N and M on the yielding locus
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mass of the cross section, as shown in Fig. 5 (Cy, Cya,
Gy).

In the same fashion, the influence of the axial
force, AaF, can be taken into account by consider-

ing that the rotations at the plastic hinges must take
place about the pins at the neutral axis of the fully
plastic cross section at section B (Fig. 6).

Therefore, the virtual work equation yields
Eq. (3) again.

3.2 Example 2: axial force-bending moment in-
teraction in a statically undetermined horizontal
beam

Different from the case of a statically determined
system, for which the statically admissible stress
status is unique and derives from the solution of the
equilibrium equations, in the case of a statically un-
determined system, as the supported cantilever of
Fig. 7, the collapse factor under pure bending cannot
be obtained by means of the static theorem by pro-
longing the vectors representing the M-N elastic sta-
tus at the sections A and B until the horizontal line
through M, is met, as shown in Figs. 8a and 8b.

In fact, in such a case, either the prolongation of
the vector representing the elastic solution at section

A (for f<2-~/2)oratB (for f>2—~/2) will first

meet the horizontal line for £M,. At this point, the
structure changes configuration on account of the
presence of a plastic hinge at section A or B, respec-
tively, and the attainment of the collapsing status
takes place following a different path, as shown in
Figs. 8a and 8b. It is

_Me-p) @
FLB(- )

The same line of reasoning can be applied when
both bending and axial forces are taken into account
for determining the yield status of the cross section
and the situation is shown in Figs. 8¢ and 8d. The
collapse factor results are different from the one ob-
tained by prolonging the vector representing the M-N
status at the sections A and B in the elastic range
until the yield locus is met.

In fact, it is given in Eq. (5) that

_Lp(-p)aM,a + N LB (1= B3 - B)2 - )’ 1+ ha 2N, LB + (2 - p)[2M,a - N.L(3 - B)A)]}

¢
1-8

Fig. 5 Example 1: kinematics at collapse for pure bending
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Fig. 6 Example 1: kinematics at collapse for bending
moment and axial force interaction
h is the height of the cross section

Fig. 7 Example 2: a supported cantilever

M,N,(2-p)
F[2M o+ N, L2~ f)(1- B’

_ 0<f<2-42, -
e MNBG-B)2- )
F2Ma+ N, LB G- B)1- B)]’

N
Il

2—\/§<ﬂ<1,

2M N,
ﬂ’M,aF =y F (6)

where we can obtain from Eq. (7) that

[ha(2- ) +2LA1 - PI2M ,a + N, L2 - )1 - PI[2M ;o + LN, f* 3 - B)(1 - B)]

- (D
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Fig. 8 Example 2: different yield conditions at sections A and B.
(a) and (b): pure bending; (c) and (d): bending and axial force interaction

The results Egs. (4) and (6) can be straightfor-

wardly obtained though the kinematic theorem and

the virtual work equation with references, as shown in
Figs. 9 and 10 and yet again it is clear that the rota-
tions at the plastic hinges must take place about the
pins at the neutral axis of the fully plastic cross sec-
tion.

It is worth mentioning that the difference be-
tween the limit load multipliers Egs. (5) and (6) varies

with the position of the force F, as shown in Fig. 11
for the specified parameters.

4 An assessment of kinematics at collapse
through nonlinear finite elements

To assess the results from a highly idealized
limit analysis of the statically undetermined frame of
Fig. 12 by means of a refined nonlinear FE analysis
and to discuss its kinematics at collapse, the com-

mercially available finite element package ANSYS®™
has been employed.

1-B

Fig. 9 Example 2: kinematics at collapse for pure bending

Fig. 10 Example 2: kinematics at collapse for bending
moment and axial force interaction

487
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The mesh and the loading of the structure are
shown in Figs. 13 and 14, respectively. The simple
portal has been modeled by means of 42000 SOLID
185 elements. SOLID 185 is defined by eight nodes
with three degrees of freedom (DOFs) at each node:
translations in the nodal x, y, and z directions. The
element has plasticity, large deflection, and large
strain capabilities (ANSYS, 2011).

In general, numerical investigation of the non-
linear behavior of structures must follow the equilib-
rium path, identifying and computing the singular
points like limit or bifurcation points, whose second-
ary branches in the equilibrium path must be exam-
ined and followed and this procedure can be adversely
affected by any kind of approximation, as shown even
in the simplest examples (Guarracino, 2007). To
overcome difficulties with limit points, displacement
control techniques were introduced and for this rea-
son the modified arc-length method was used in

10

0 0.2 0.4 0.6 0.8 1.0
B

Fig. 11 Variation of multipliers IMJF and 4, . for the

supported cantilever of Fig. 7 according to the position of
the point load

(Section: HE160A, 0,=440 MPa, M,=150.34 kN'm, N,=
2302.08 kN, F,=150 kN, L=5 m, and =0.2)

Fig. 13 Finite element model of the simple portal of
Fig. 12: loading and constraints

ANSYS to follow the load-deformation path (Forde
and Stiemer, 1987; Crisfield, 1997).

In fact, the modified arc-length method is suita-
ble for nonlinear static equilibrium solutions of un-
stable problems and its applications involve the trac-
ing of a complex path in the load-displacement re-
sponse into the buckling/post buckling regimes.
Mathematically, the modified arc-length method can
be viewed as the trace of an equilibrium curve in a
space spanned by the nodal displacement variables
and the total load factor. During the solution, the
modified arc-length method varies the arc-length
radius at each arc-length substep according to the
degree of nonlinearities that is involved.

ANSYS® calculates the reference arc-length
radius from the load increment of the first iteration of
the first substep, and if an arc-length solution fails to
converge within the prescribed maximum number of
iterations, the program automatically bisects and

lAFV

Al LTl
: l
T Bl
A 7
-iBL—-
L

Fig. 12 A simple portal frame
(Section HE140A, 06,=355 MPa, M,=59.16 kN'm, N,=
1071.4 kN, L=5 m, H,=3.5 m, H,=1.75 m, ¢=10 kN/m, F,=
150 kN, F,=7 kN, =0.3, and y=0.25)

Fig. 14 Finite element model of the simple portal of
Fig. 12: mesh details
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continues the analysis. Bisection continues until a
converged solution is obtained or until the minimum
arc-length radius is used.

By means of this technique and by assuming the
same linear elastic-perfect plastic behavior of the
material from the limit analysis, the results shown in
Fig. 15 were obtained.

The collapse load multiplier, A, was found equal
to about 1.85 and the localization of the plastic re-
gions at some critical sections clearly suggests the
initiation of a mechanism which can be thought as
activated by plastic hinges (Fig. 15). The collapse
mechanism (Fig. 15a) is in very good agreement with
that of Fig. 16b from limit analysis.

Fig. 16 shows the results for the same problem of
Fig. 12 from the methods of limit analysis. It is worth
noting that, as it was easily expected, both the results
from the limit analysis overestimate the load collapse
factor. This can be attributed to different factors
which are taken into account in the more refined FE
analysis, such as the role of geometric nonlinearities,
a different stress distribution, and local instabilities of

444444

0 \222222 s
1111 333333 .555556

666667
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the I beam flanges, as visible in Fig. 15c.

One could therefore wonder about the actual
dependability of a limit analysis which, by its own
nature, deals, as illustrated, with an extremely sim-
plified model of the structure. However, without
indulging in considerations which have been con-
veyed in a number of studies during the last decades,
for the purposes of the present work it can be noted
that, on the whole, the kinematics at collapse which
can be derived from the FE results of Fig. 15 is es-
sentially the same as Fig. 16b. This suffices to sug-
gest that, albeit the strong idealization at the basis of
any limit analysis approach, the key point in repli-
cating what can be thought as the actual collapse
mechanisms lies in properly accounting for the axial
force-bending moment interaction at the plastic
hinges.

This is also confirmed with references to

Figs. 17 and 18. Fig. 17 shows the stress distribution
in the section at the bottom of the right pillar from the
FE analysis, while Fig. 18 shows the same stress
distribution from the limit analysis.

it

...... 666667
558856 .777778

Fig. 15 Finite element results from nonlinear elastic-plastic analysis with indication of the plastic stress ratio [0-1]
(b), (c) and (d). The collapse mechanism (Fig. 15a) is in agreement with that of Fig. 16b from limit analysis
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Fig. 16 Kinematics at collapse for pure bending (a) and for
bending moment and axial force interaction (b)
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—
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Fig. 17 Results from nonlinear FE analysis at section A:
plot of axial stress at impending collapse (unit: daN/cm?)

5 A simple limit analysis procedure by
means of MATHEMATICA®

On the basis of the previous observations, a
simple procedure for the limit analysis of ductile

Fraldi et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2014 15(7):482-495

plane frames has been written, which accounts in a
straight and direct manner for the kinematics stem-
ming from the axial force-bending moment interac-
tion at the plastic hinges.

From the authors’ standpoint, its merit resides in
being a simple and efficient tool to assess the ultimate
loading capacity which can help to figure out the
actual kinematics at collapse as a result of the inter-
action of the bending moment and axial force in a
very straightforward manner and within the frame-
work of the current European codes.

Following what has been previously illustrated,
the condition of admissibility at the beam cross sec-
tions is taken in the form of Eq. (1)

D(N,M)= E‘j—'

o o

-1<0,

+ ¥ ®)
N,

so that the deformation at the fully plastic sections can
be written according to the normality rule

() HE140A

G
(E:l;)

- —
1.18 cm
¢ %o
|
O| | O
l 0,=355 MPa
M
(b) A
M,
-No i No VN
|
1
i
| N,=1071.39 kN
N=-68.67 KN S M,=59.16 KN-m
=-68. M,
M=-55.37 kKN'-m

Fig. 18 Results from limit analysis at section A: axial
stress at impending collapse (a) and M-N vector in the
limit domain (b)
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e = KN, )

&P AT 6¢/8N
e :{j("}’ KN, _K{ad?/aM}’

where xk is the plastic rate deformation magnitude,

where

(10)

e, is the vector representing the plastic deformation

at the section S,, and N is the corresponding nor-
mal to the yield surface @(N,M).

Once an appropriate number of critical sections
have been chosen, an equilibrated status of general-
ised stress can be written as

Mce =AM,
Nce=AN

Fccf +MXx’

f+N,x (4

Fec

where the vectors Mce and Nce collect the values
of the bending moments and of the axial forces at the
critical sections, f collects the applied loads, and A is
the load multiplier. x collects the redundancies, i.e.,
and M, are the

basic and redundant load matrices, respectively, for

the indeterminacy parameters, M

Fee

bending, and finally N, and N + are the basic and

Fec
redundant load matrices, respectively, for the axial
stress.

The optimization problem simply consists, as
known, in maximizing the load multiplier A within the
constraints represented by Eq. (8) at all critical sec-
tions (Cohn and Maier, 1979).

The implementation of this limit analysis pro-
cedure has been made with the aid of a symbolic
package, MATHEMATICA®, as shown in Fig. 19,
where

1. Mccg (Nccy) are the n-dimensional array of
bending moments (axial forces) at the chosen control
sections in equilibrium with the external actions for
each different load case (LC);

2. MFccy (NFccy) are the n-dimensional array of
bending moments (axial forces) at the chosen control
sections for each different load case (LC) in the frame
made statically determined;

3. M ¥ (Z\A/ + ) 1s the n-dimensional array of

self-equilibrated bending moment (axial force) at the
chosen control sections in the frame made statically

determined (j € {1, ny.}), nsg is the number of con-

trol sections;
4. X, are multipliers of the self-equilibrated

stress distributions A;[Xv (]\A]Xv ) (Jed{l, ng});

5. AccMy or AccNy are the relationships which
represent the yield loci for the control sections in case
of bending only (M) or axial force-bending interac-
tion (M-N);

6. SoluzOptccMy or SoluzOptccM Ny is the so-
lution to the constrained linear optimization problem
under bending only (M) or axial force-bending in-
teraction (M-N), which makes the load multiplier, 4, a
maximum.

It is clear that, according to the procedure of
Fig. 19, the rotations at the plastic hinges take place as
expected about the pins at the neutral axis of the fully
plastic cross sections.

6 Analysis of a multi-story plane frame

The procedure presented in Section 5 has been
used to analyze the plane frame of Fig. 20, subject to
vertical and horizontal loads. The limit load multi-
plier, 4, and the displacement at collapse are shown in
Figs. 21-24 (p.493) for a pure bending (4,,) mecha-
nism and a bending moment and axial force interac-
tion (4,,v) mechanism for different span lengths. Red
dots show plastic hinges in columns, and green dots
show plastic hinges in beams.

It is evident that the collapse kinematics can vary
significantly and the difference between the respec-
tive collapse load multipliers, 4y, and 4,4y, ranges from
1.97% to 19.05%.

In the case of Fig. 21, it is L;=L,=5 m and the
collapse mechanism arising from the plastic hinges
located at the center of the mass of the cross sections
involving the top three stories, while the mechanism
arising from the plastic hinges located at the neutral
axis of the cross sections involves the whole frame
and is therefore a global one. This fact gives origin to
a 19.05% difference between the corresponding val-
ues of the load multipliers.

In the case of Fig. 22, it is L;=7 m and L,=5 m and
both collapse mechanisms involve the whole frame
with a difference between the corresponding values of
the load multipliers which reduces to a mere 1.97%.
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= Bending moment and axial force designation

Do[Mcc, =A,MFcc, +Y XM, {k,n.,}];

=1

Do[Ncc, =A,NFcc, +Y XN, ,{k,n,}1;

=1
= Enforcement of section carrying capacity

(*Minteraction *)

" .
Do[AccM, = Table [-1< MeC:LII1]

Mo[[3j1] ~
(*MNinteraction¥*)

Do[AccMN, =

Nee,[[311, Mec,[[3]1]
No[[3j]1] Mo[[j]l]

Nee, [[31]1_Mec, [[3]1]

No[[jl] Mo[[j]]

<1

{Table[-1<

Table[-1<

{k,n.}17
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S1,{3/nhl Ak}l

A3kl

<1,{3/nhll},

= Solution of the constrained optimization problem

(*Minteraction *)
Do[SoluzOptccM, = N[Maximize [\, , AccM,

(*MNinteraction¥*)

AN X {3 g} 31T Ak n )]s

Do[SoluzOptccMN, = N[Maximize[A,  AceMN, {7, X, {j,ng}}1]1,{k,n}];

Fig. 19 Implementation of core limit analysis procedure by MATHEMATICA®
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2nd floor HE180B H, P,=26.7 F,=30.0
3rd floor HE160B H, P;=18.6 F,;=43.4

Yield stress 0,=3.55%x10° kN/m?

Fig. 20 A plane frame under vertic

al and horizontal loads
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(b)

Fig. 21 Load multiplier and kinematics at collapse for
pure bending (4;,) (a) and for bending moment and axial
force interaction (4,.y) (b)
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L=5m, L,=5 m, 1,=4.66, A,;»=3.78, and A1=19.05%
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Fig. 23 Load multiplier and kinematics at collapse for
pure bending (4,,) (a) and for bending moment and axial
force interaction (4,,y) (b)
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Fig. 22 Load multiplier and kinematics at collapse for
pure bending (4, (a) and for bending moment and axial
force interaction (4,.y) (b)

Li=7m, L,=5 m, 1,,~4.55, 2y;~4.46, and AJ=1.97%
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7
sl
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Fig. 24 Load multiplier and kinematics at collapse for
pure bending (4),) (a) and for bending moment and axial
force interaction (4,7y) (b)

Li=10 m, L,=8 m, 4,,=1.67, Ayx=1.57, and A1=5.89%
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In the case of Fig. 23, it is L;=8 m and L,=5 m
and the collapse mechanisms are again different: the
one arising from the plastic hinges located at the
center of mass of the cross sections involves the top
three stories and the one arising from the plastic
hinges located at the neutral axis of the cross sections
is again a global mechanism. In this case the differ-
ence between the corresponding values of the load
multipliers is 8.08%.

In the case of Fig. 24, it is L;=10 m and L,=8 m
and the collapse arising from the plastic hinges lo-
cated at the center of the mass of the cross section is
localized at an horizontal beam, while the one arising
from the plastic hinges located at the neutral axis of
the cross sections is once again a global mechanism.
However, in this case the difference between the
corresponding values of the load multipliers is 5.89%.

From the few cases shown in Figs. 21-24, it is
evident that inaccurately accounting for the location
of the plastic hinges through the cross section can
point to different kinematics at collapse, and therefore
great care must be adopted in foreseeing the actual
collapse mechanisms. In fact, an incorrectly calcu-
lated collapse mechanism may lead to an improper
design of new structures or to an inadequate
strengthening of existing ones.

7 Conclusions

The sensitivity of the limit load and of the col-
lapsing modes of the ductile frames to the actual
kinematics arising from plastic hinges on account of
the axial force-bending moment interaction in pres-
ence of combined vertical and horizontal forces, has
been pointed out by means of two elementary exam-
ples and successively assessed by means of a non-
linear FE analysis and of a straightforward imple-
mentation of limit analysis procedures, with the aid of
the symbolic code MATHEMATICA®.

It has been shown that even in the simplest cases,
the main outcome from limit analysis should consider
the kinematics at collapse, which is relevant for both
design and reinforcement purposes, within the
framework of some standardization codes. If proper
accounting is not made for the axial force-bending
moment interaction for all the elements of the struc-
ture, the calculated localization of the plastic hinges

may give origin to incorrect collapse mechanisms and
to misleading safety factors. Though focusing on a
specific aspect, the study clearly shows that great care
must be adopted in the design of new structures or in
the strengthening of existing ones, even when using
seemingly well-established classical procedures. The
proposed approach may be relevant to practising
engineers dealing with code prescriptions and stand-
ardization committees.

References

Abbas, H., Jones, N., 2012. Influence of strain hardening on
bending moment-axial force interaction. International
Journal of Mechanical Sciences, 55(1):65-77. [doi:10.
1016/j.ijmecsci.2011.12.004]

ANSYS, 2011. ANSYS 13.0 User’s Documentation. Can-
onsburg, PA 15317, USA.

Baptista, A.M., 2012. Resistance of steel I-sections under axial
force and biaxial bending. Journal of Constructional Steel
Research, 72:1-11. [d0i:10.1016/j.jcsr.2011.07.013]

Baptista, A.M., Muzeau, J.P., 2006. Analytical formulation of
the elastic-plastic behaviour of bisymmetrical steel shapes.
Journal of Constructional Steel Research, 62(9):872-884.
[doi:10.1016/j.jcsr.2006.01.001]

Baptista, A.M., Muzeau, J.P., 2008. Analytical formulation for
the deformations of I-shapes and RHS at the plastic strain
ultimate limit state. Journal of Constructional Steel Re-
search, 64(10):1165-1177. [doi:10.1016/j.jcsr.2007.09.
012]

Chen, W.F., 1988. Plasticity for Structural Engineers. Springer,
New York.

Cohn, M.Z., Maier, G., 1979. Engineering Plasticity by
Mathematical Programming. Proceedings of the NATO
Advanced Study Institute, University of Waterloo,
Canada.

Crisfield, M.A., 1997. Non-linear Finite Element Analysis of
Solids and Structures. Vol. 2, Advanced Topics. John
Wiley & Sons, Chichester.

Davies, J.M., 2002. Second-order elastic-plastic analysis of
plane frames. Journal of Constructional Steel Research,
58(10):1315-1330. [doi:10.1016/S0143-974X(02)00013
-5]

Davies, J.M., 2006. Strain hardening, local buckling and
lateral-torsional buckling in plastic hinges. Journal of
Constructional Steel Research, 62(1-2):27-34. [doi:10.
1016/j.jcsr.2005.02.013]

EC3, 2005. EN 1993, Eurocode 3: Design of steel structures,
Part 1.1: General rules and rules for buildings. European
Committee for Standardization (CEN), Brussels.

Forde, W.R.B., Stiemer, S.F., 1987. Improved arc length or-
thogonality methods for nonlinear finite element analysis.
Computers & Structures, 27(5):625-630. [doi:10.1016/
0045-7949(87)90078-2]

Fraldi, M., Nunziante, L., Gesualdo, A, et al., 2010. On the
bounding of limit multipliers for combined loading.



Fraldi et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2014 15(7):482-495 495

Proceedings of the Royal Society A: Mathematical, Phys-
ical and Engineering Sciences, 466:493-514. [doi:10.
1098/rspa.2009.0240]

Gardner, L., Nethercot, D.A., 2005. Designers’ guide to
EN1993-1-1: Eurocode 3: design of steel structures.
Thomas Telford, London.

Guarracino, F., 2007. Considerations on the numerical analysis
of initial post-buckling behaviour in plates and beams.
Thin-walled Structures, 45(10-11):845-848. [d0i:10.1016/
j-tws.2007.08.004]

Guarracino, F., Walker, A.C., 2008. Some comments on the
numerical analysis of plates and thin-walled structures.
Thin-walled Structures, 46(7-9):975-980. [doi:10.1016/].
tws.2008.01.034]

Guarracino, F., Minutolo, V., Nunziante, L., 1992. A simple
analysis of soil-structure interaction by BEM-FEM cou-
pling. Engineering Analysis with Boundary Elements,
10(4):283-289. [doi:10.1016/0955-7997(92)90141-S]

Halleux, J.P., 1981. EUR 7329 EN. Nuclear science and tech-
nology. Modelling of elasto-plastic material behaviour.
Commission of the European Communities, Joint Re-
search Centre, Ispra, Italy.

Kim, K.P., Huh, H., 2006. Dynamic limit analysis formulation
for impact simulation of structural members. International
Journal of Solids and Structures, 43(21):6488-6501.

PEHE:

AR . SERREBIEERERA B X I AR SRAT ORI

[doi:10.1016/j.ijsolstr.2005.12.004]

Kwasniewski, L., 2010. Nonlinear dynamic simulations of
progressive collapse for a multistory building. Engineer-
ing Structures, 32(5):1223-1235. [doi:10.1016/j.engstruct.
2009.12.048]

Massonnet, C., Save, M., 1976. Calcul Plastique des Construc-
tions. Vol. 1: Structures Dépendant d'un Paramétre. Nel-
issen, Liége (in French).

Neal, B.G., 1963. The Plastic Methods of Structural Analysis.
Chapman and Hall, London.

Petrolito, J., Legge, K., 2012. Benchmarks for elastoplastic
analysis of steel frames. Australian Journal of Structural
Engineering, 12(3):237-250. [doi:10.7158/S11-089.2012.
12.3]

Save, M., de Saxce, G., Borkowski, A., 1991. EUR 13618 EN.
Nuclear science and technology. Computation of shake-
down loads feasibility study. Commission of the European
Communities, Final Report.

Stiissi, F., Kollbrunner, C.F., 1935. Beitrag zum traglastver-
fahren. Die Bautechnik, 13(21):264-267 (in German).
Trahair, N.S., Bradford, M.A., Nethercot, D.A., et al., 2008.
The Behaviour and Design of Steel Structures to EC3.

CRC Press.

Wolfram, S., 2003. The Mathematica Book. Wolfram Media,

Champaign, IL.

Influence of actual plastic hinge placement on the behavior of ductile frames

R B 69 BT BRIT T AR A4, ST T ARG I RO [ e AR B2 ) R B s R AR, F
R8T SRR BHEAE Bl ) 0 RS DR RO YR AE SE BRI i IE 3h

BRI ke AT EAUICEJT B IAF R OU S 2T Hhm A es il s EAR R, W FCREPEREZR K

A PR B ANIPHAR AR 0] 77 A T SR P 1 35 S8 2l 2 (R RBURR M o S L P AR 10 2 451 i o
JRDIHB VTl e AT R T 4 7 R ELRE S (AR PR 4 BT 5 3%, JFFIF] MATHEMATICA®, #4

T AU .

e FERMERURR ORESE T, BAEAE 55 o] LK SR 00 b, BRI HT IR B 2245 SRR 5 SR AE R (132
B, X GBI K H EI#GR AR . 1R BCE XA RIS R T R AR A2
(K052 ELAR FHEAT BT B0, SR B 1 58 A v 55 P BEAS S IR0 P R AL ER AR S 1 1 22
SRR MURARTTTIN S, ASSCH IR ], R BRI S5 B0 B G5 EEAT N [ i
HE R A A ok DA & A MU IR, AR /N0 o A SRR AT DU AR BRI
BOH AP TREIIAIbRAEAL R R 3R 2%

Fhpinm. PHEZE,

BB A s PR BRI R PHRIEE)




