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INTRODUCTION

Recent events such as natural catastrophes orisemrattacks have highlighted the necessity to
ensure the structural integrity of buildings undarexceptional event. According to the Eurocodes
and some different other national design codes, dstnectural integrity of civil engineering
structures should be ensured through appropriatesunes but, in most cases, no precise practical
guidelines on how to achieve this goal are provided

At the University of Liege, the robustness of bunffiframes is investigated following the so-called
“alternative load path method”, with the final otljge to propose design requirements to mitigate
the risk of progressive collapse considering theveational scenario “loss of a column” further to
an unspecified event. In particular, a completelytical procedure has been developed for the
verification of the robustness of steel or commopiane frames. For sake of simplicity, these first
works have been based on the assumption that thendy effects linked to the column loss were
limited and could therefore be neglected. More mdge complementary works have been carried
out with the objective to address the dynamic ¢ffe@esides, the extension of the static procedure
to actual 3D frames is under investigation in Li€§ke present paper gives a global overview of
the ongoing researches in the field of robustnéseeaUniversity of Liege and, in particular, the
global strategy aiming at deriving design requiretaes detailed.

1 ADOPTED STRATEGY

The investigations performed at the University @fde in the field of “robustness of structures” are
mainly dedicated to the exceptional scenario “logsa column” in a steel or steel-concrete
composite building structure. The main objectivetioé conducted investigations is to derive
guidelines aiming at ensuring an appropriate behaof the structure for the considered scenario.
To achieve this goal, simplified analytical procezhiare developed to predict the response of the
structure further to a column loss; this allowl@arly identify how each structural parameter may
influence the structural behaviour. The presenti@ecescribes the global strategy adopted at the
University of Liege.

The loss of a column can be associated to diffdggas of exceptional events: explosion, impact of
a vehicle, fire... Under many of these exceptionadibas, dynamic effects may play an important
role. However, let’'s first assume that the colurossl does not induce dynamic effects; so, the
investigations of the structural response may lbeded on static approaches. A building structure
losing a column can be divided in two main parssillastrated inFig. 1. the directly affected part
which represents the part of the building whichdisectly affected by the column loss, i.e. the
beams, the columns and the beam-to-column jointshndre just above the failing column; and the
indirectly affected part which consists of the restthe structure. The indirectly affected part is
affected by the loads developing within the dinectiffected part and also influences the
development of these loads.

If a cut is realised in the structure at the topthaef failing column (se&ig. 1), different internal
forces in the vertical direction are identified: the shear loadg; andV, at the extremities closed
to the failing column, (ii) the axial load,, in the column just above the failing column ang (he
axial loadNj, in the failing column. The objective of the stugigerformed at the University of
Liege is to be able to predict the evolution of Hleetical displacement of point “AZa according to
Nio, With due account to the eventual membrane fodeggloping in the structure, in order to know



the requested ductility of the different structuraémbers and to check the resistance of the
indirectly affected part loaded by additional loadsning from the directly affected part.
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Fig. 1.Representation of a frame losing a column and miefimitions

In Fig. 2, the curve representing the static evolution efitartical displacemei, according to the
normal load\, in the failing column (seEig. 1) is illustrated:

- From point (1) to (2) (Phase 1), the design loads progressively applied, i.e the
“conventional” loading is applied to the structuse; Ni, progressively decreasds{ becomes
negative as the column “AB” is subjected to comgi@s) while 45 remains approximately
equal to O during this phase. It is assumed thayieloling appears in the investigated frame
during this phase, i.e. the frame remains fullygtta

- From point (2) to (5), the column is progressivegmoved. Indeed, from point (2), the
compression in column “ABN,, decreases until it reaches a value equal to Oiat (5) where
the column is considered as fully destroyed. Sothis zone, the absolute value ISf,
progressively decreases while the valuelpincreases. This part of the graph is divided ia tw
phases as represented-ig. 2

o From point (2) to (4) (Phase 2): during this phake, directly affected part passes from a
fully elastic behaviour (from point (2) to (3)) #oglobal plastic mechanism. At point (3), the
first plastic hinges appear in the directly affelcpart.

o From point (4) to (5) (Phase 3): during this phdmsgh deformations of the directly affected
part are observed and second order effects plagnpartant role. In particular, significant
catenary actions develop in the bottom beams ofiitleetly affected part.
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Fig. 2. Evolution ofNj, according to the vertical displacement at theabihe loss column

It is only possible to reach point (5) if:

— the loads which are reported from the directly @#d part to the indirectly affected part do not
induce the collapse of elements in the latter ifistance, buckling of the columns or formation
of a global plastic mechanism in the indirectlyeated part);



— the different structural elements have a sufficidattility to reach the vertical displacement
corresponding to point (5).

This global approach was first developed for sta®l composite structures but may be applied to
other typologies of structures, as givemable 1

In a first step, simplified analytical methods weeveloped to predict the response of 2D steel and
composite frames further to the loss of a columthwo dynamic effects; the latter are summarised
in section 2. Then, funded on this first step, stigations were initiated to take the 3D behaviour
and the dynamic effects into account; the latterraspectively introduced in Section 3 and Section
4. The objective at the end is to have Table lyfattmpleted with “D” which would mean that
design recommendations have been derived for ngpstdgies of structures and are founded on
the same global approach.

Table 1.Steps to be crossed to derive design recommendation

Design recommendations

Dynamic effects/type of
exceptional actions

2

3D behaviour I I
2D behaviour D D
Global approach D D D D D
Steel Composite Concrete Timber Masonry
structures structures structures structures structures

- Developed (D)

|:| Initiated (1) - To be developed (TBD)

STATIC BEHAVIOUR OF 2D FRAMESFURTHER TO A COLUMN LOSS

In two complementary PhD thesis ([1] and [2]), stiahl procedures have been derived to predict
the response of steel and composite 2D frames gliRlmlase 2 and Phase 3 ($¢g. 1). The
performed developments are summarised in [3] ahd [4

In particular, it was shown in [1], through numalinvestigations, that it is possible to extract a
simplified substructure (sddg. 3) able to reproduce the global response of thedrdaoring Phase

3. Accordingly, a simplified analytical method bds®n a rigid-plastic analysis has been developed
to predict the response of the so-defined substrecilso, as the deformations of the substructure
are significant and influence its response, a se@vder analysis has been conducted.

The parameters taken into account in the develppeckdure are presentedriy.3:

— pis the (constant) uniformly distributed load apgdlion the storey modelled by the simplified
substructure and the concentrated IGadimulates the column loss (& — Ny (seeFig. 1)
with Nyp constant and equal iy, at point 4 (se€ig. 2) as demonstrated in [2]);

— L is the total initial length of the simplified suhscture;

- Aqis the vertical displacement at the concentratad bpplication point;

— & Is the deformation of the horizontal spring sintinig the lateral restraint provided by the
indirectly affected part;

— o1 andoy; are the plastic elongations at each plastic hinge;

— @is the rotation at the plastic hinges at the beatremities.

In addition, the axial and bending resistanceb@aplastic hingeblrq; andMgg1 for plastic hinges 1

and 4 andNrq2 andMgg, for plastic hinges 2 and 3 have also to be takemaccount (it is assumed
that the two plastic hinges 1 and 4 and the twstmdinges 2 and 3 (s&ég. 3) have respectively

the same resistance curve for M-N interaction).



In order to be able to predict the response ofsthmplified substructure, the paramet&randFrg
have to be known; these parameters depend of tpepies of the indirectly affected part (3&g.

1). In [2], analytical procedures have been defittegredict these characteristics.

To validate the developed analytical method, theulte obtained with the latter have been
compared to the results of an experimental tesa @ubstructure performed at the University of
Liege ([1] and [5]) as illustrated iRig. 4. In this figure, it is observed that a very goggegment is
obtained between the analytical prediction and élperimental results, which validates the
developed method. More details about the developettiod are available in [1].
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3 STATICBEHAVIOUR OF 3D STRUCTURESFURTHER TO A COLUMN LOSS

In a master thesis [6], the behaviour of 3D strretunade of steel beams and columns has been
investigated. Two different structures have beemsiered. The dimensions and the elements of
these structures are exactly the same Eggeb) except for the joint properties at the extrersiié

the secondary beams: Structure 1, the secondany beiemities are fully pinned and Structure 2,
these extremities are fully rigid.

For both cases, the column which is consideredetdobt is the column exactly at the centre, as
illustrated inFig. 5 (column “BX”).

For each structure, a simplified substructure (Sge 6) has been defined and extracted from the
full 3D structure with the objective to check thespibility of this substructure to simulate with a
sufficient accuracy the behaviour of the real strree when significant membrane forces develop.
The procedure followed for the definition of thebstructure is the same as the one used for 2D
frames (see Section 2 and [1]). This substrucwraade of (i) four beams (two primary beams and
two secondary beams) which are connected at theftte failing column in the floor just above
the failing column and (ii) the joints at the exiriées of these beams.

The influence of the rest of the structure (i.e gart which is not directly affected by the column
loss) is reflected by horizontal springs at theemities of the so-defined substructure (B&g 6),

with appropriate stiffnes{ andK,).

In Figure 7, a comparison between the predictidstained (i) through a numerical simulation of
the global 3D structure losing a column and (ifotigh a numerical simulation of the so-defined
substructure is given for the two considered stmeés. The graphs given kig. 7 represent the
evolution of the axial loadl, in the failing column according to the verticasplacement at the top
of this column. As the objective with the substusetis to predict the behaviour of the structure
when significant membrane forces develop in thdesysthe predictions can only be compared
from point A (sedrig. 7), i.e. when a plastic mechanism is formed in tinecture and significant
vertical displacements are reached.Fg. 7, it can be observed that a very good agreement is
obtained for Structure 1 while it is not the caseStructure 2.

This observation can be explained as follows. Dise bf the column is reflected in the substructure
modelling through the application of a concentrdtedi Q (see Figure 6). In practice, this lo@ds
equal to the difference betweéd, and Ny, (seeFig. 1). For 2D structures, it was demonstrated
through a parametrical study [2] that, when sigaifit membrane forces are developing in the
directly affected beams, the valueNyf, can be assumed as a constant. Accordingly, thatioar of



Q vs. the deformation of the substructure reflecesuthriation ofNj, in the global structure. It is the
reason why, for 2D structure, it was possible feot the actual behaviour of the 2D frame with the
substructure. For Structure N,, also appeared to remain approximately constamr dfte
formation of the plastic mechanism and thus thestsubture approach is valid. But for Structure 2,
it was observed that the value M, cannot be assumed as a constant and so, theioamdtQ
according to the vertical displacement in the suistire modelling does not reflect the evolution
of N, in the 3D structure. The fact thidf, is no more constant when significant membraneef®rc
are developing is linked to the fact that, in asgRicture, a “compression ring” can develop in the
storeys above the lost column and the restrainviged by the upper storeys influences the
evolution of the axial loads in the columns abdwe failing one. This phenomenon has not been
analytically characterised yet and is under ingedibn at the University of Liége. If the variation
of the normal force in the column just above thiknfg one is introduced in the substructure model,
the results are in good agreement with the resbligined from the whole 3D structure modelling.
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It is also demonstrated in [@hat the analytical method initially developed & frames [1] and
able to predict the response of the “2D” substmgctian be easily adapted to predict the response of
the “3D” substructure defined Fig. 6. Accordingly, when a method will be available tegict the
influence of the restraint provided by the upperesys on the normal load in the column just above
the failing one, it will be possible to predict &necally the behaviour of the global 3D structure
through the substructure modelling.

4 DYNAMICBEHAVIOUR OF 2D FRAMES FURTHER TO A COLUMN LOSS

In [7] (see also [8]), the dynamic behaviour of &@el frames further to a column loss has been
investigated. In particular, a simplified model le®n developed to predict the dynamic behaviour
of the substructure defined in Section 2. No detablout the proposed procedure are given in the
present paper; this procedure is applied to an pbaimn another paper included in the present
proceedings [9].

5 CONCLUSIONS

At the University of Liege, the exceptional scendioss of a column” in a building structure has
been under investigation for a few years with ihalfobjective to propose design requirements to
ensure an appropriate robustness of structures timeleonsidered scenario.

The present paper gives a global overview of thaptetl strategy to deal with this scenario, of the
achievements in this field so far and of the ongaiesearch activities. In particular, simplified
analytical methods have been developed to preldectstatic response of 2D steel and composite
frames further to a column loss. Investigations@esently in progress to extend these methods to
3D structures. Besides, the dynamic behaviour of Sidctures has been investigated and a
procedure has been developed to predict the dyneesmonse of a simplified substructure. The
dynamic behaviour of structures further to a colutoss is still under investigation at the
University of Liege to improve the model and to pidaat the end to 3D structures.
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