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Summary 

The present paper gives a global overview on recent developments performed at Liège University in 
the field of robustness of building structures for the specific scenario “loss of a column”. In 
particular, the static non-linear response of a steel building structure following a column loss will be 
first presented and then, a global overview of some recent achievements and ongoing researches 
will be given with the global strategy aiming at deriving design requirements for practitioners. 
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1. Introduction 

Recent events such as natural catastrophes or terrorism attacks have highlighted the necessity to 
ensure the structural integrity of buildings under an exceptional event. According to Eurocodes and 
some other national design codes, the structural integrity of civil engineering structures should be 
ensured through appropriate measures but, in most cases, no precise practical guidelines on how to 
achieve this goal are provided. At Liège University, the exceptional event “loss of a column” in a 
building structure is under investigation, using experimental, numerical and analytical approaches 
with the final objective to propose design requirements to ensure an appropriate robustness under 
the considered scenario.  

Through first developments, an analytical procedure has been developed to check the robustness of 
steel or composite plane frames. For sake of simplicity, these first studies have been conducted on 
the assumption that the dynamic effects linked to the column loss were limited and could therefore 
be neglected.  

More recently, complementary works ([1] and [2]) have been carried out with the objective to 
address the dynamic effects and a method has been developed that can predict the dynamic 
behaviour of the frame. The input data of this method are: 

- the static response of the frame 

- the ratio between the time of failure of the column rt  and the fundamental period of the frame T  

These dynamic developments are not addressed in the present paper, but more information can be 
found in [2]. The present paper will mainly focus on the static behaviour of a frame losing a column. 
Firstly, the global strategy aiming at deriving design requirements will be presented and then a 
global overview of some recent achievements and ongoing researches in the field of robustness will 
be given.  

2. Static behaviour of 2D frames following a column loss 

2.1 Introduction and general concepts 

The present section describes the global strategy adopted at Liège University. The presented study 
is dedicated to frames only composed of columns and beams; the possible beneficial effect of the 
slab is presently neglected in the developments. The investigations performed at Liège University in 
the field of “robustness of structures” are mainly dedicated to the exceptional scenario “loss of a 
column” in a steel or steel-concrete composite building structure. Under many exceptional actions 
(explosions, impacts ...), dynamic effects may play an important role. However, it is first assumed 
that the column loss does not induce such dynamic effects. The main objective of the conducted 
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investigations is to derive guidelines aiming at ensuring an appropriate behaviour of the structure 
for the considered scenario. To achieve this goal, simplified analytical procedures are developed to 
predict the response of the structure further to a column loss; this allows to clearly identify how 
each structural parameter may influence the structural behaviour.  

A building structure losing a column can 
be divided in two main parts, as illustrated 
in Fig. 1: the directly affected part that 
represents the part of the building which is 
directly affected by the column loss, i.e. 
the beams, the columns and the beam-to-
column joints above the failing column; 
and the indirectly affected part which 
consists in the rest of the structure. The 
indirectly affected part is affected by the 
loads developing within the directly 
affected part and also influences the 
development of these loads. 

The objective of the studies performed at 
Liège University is to be able to predict 
the evolution of the vertical displacement 
of point “A” A (i.e. at the top of the lost 
column) according to loN , the 
compression force in the lost column that 
decreases as the column disappears. The 
loss of a column in a structure can be 
simulated by applying a force “ Q ” 
downwards at the top of the failing 
column (Fig. 1). Accordingly, if the 
compression load in the critical column is 
equal to ,lo designN  before it starts failing 
(Fig. 1), the column is considered as fully 
lost when Q is equal to  ,lo designN  
( ,lo lo designN N Q  ). Knowing this value 
of A  when Q  is equal to ,lo designN  it is 
possible to determine the requests in terms 
of deformation capacity for the structural 
elements and the load distribution within 
the structure and so, to check the 
structural resistance and stability. 

When a frame losses one of its column, different phases are successively met (Fig. 1). The first 
phase is the “normal” loading condition of the frame: loN  is equal to its conventional design value 
which is ,lo designN  and Q  equals 0. The column begins to disappear at the beginning of phase 2 (Q  
increases and loN  decreases). During this second phase, a plastic mechanism forms in the directly 
affected part. When this plastic mechanism is totally developed, this is the beginning of phase 3: as 
a plastic mechanism has formed in the directly affected part, the first order stiffness of the structure 
is equal to zero and so, large displacements occur. Due to these large displacements, significant 
membrane forces develop in the beams of the directly affected part, that are associated to second 
order effects. The column is completely removed when the compression force in the column loN  is 
equal to zero, which means ,lo designQ N .  

It is only possible to reach this stage if (i) the loads that are reported from the directly affected part 
to the indirectly affected part do not induce failures (for instance, buckling of columns or 
development of a global plastic mechanism in the indirectly affected part) and if (ii) the different 
structural elements have a sufficient ductility to reach the vertical displacement corresponding to 
the total disappearance of the column. 

Fig. 1: Phases during a column loss in a frame 

 

Phase 1 

Phase 3: catenary actions 

Phase 2: plastic mechanism 

Nlo,design 

Q 

Q 

Directly affected part 

Indirectly affected part 

ΔA 



 

2.2 Definition of a substructure 

Predicting the behaviour of the structure during Phase 1 and 2 is easy as usual analysis methods can 
be used. However, during Phase 3, the analysis of the frame and the prediction of its response 
become complex as significant second order effects are developing. The objective with the 
developed analytical procedure is to be able to predict the response of the frame during Phase 3.  

In previous developments conducted in Liege University (and in particular by Demonceau [3]), the 
substructure that was defined to study the phase 3 was composed only with the lower beam of the 
directly affected part, i.e. the beams just above lost column (Fig. 2). This substructure was studied 
according to a rigid plastic analysis because the aim was to focus on phase 3. The rest of the 
structure (i.e. the indirectly affected part) was represented in this substructure by one horizontal 
spring. Luu [4] developed a method to analytically compute the properties of this spring (i.e. its 
stiffness and its resistance). However, the method developed by Luu and Demonceau is only valid if 
the compression force in the column just above the lost one remains constant during the all duration 
of phase 3, which is not always the case, as it has been demonstrated in [5] and [6]. This can be 
understood by comparing the behaviour of two structures as shown in Fig. 3. In the frame on the 
left, the indirectly affected part sags on the directly affected one, and the compression force in the 
column above the lost one can either increase or remain constant. In the frame on the right, no 
horizontal displacement is allowed, and the upper stories help the lower beam to support the loss of 
the column. In this case, the effort in the upper column may even go into tension. 

These considerations have brought 
into light important coupling effects 
between the stories of the directly 
affected part, and also between the 
directly affected part and the indirectly 
affected part.  

Actually, it is just as if a vertical spring 
was missing in the substructure 
defined by Demonceau (Fig. 2), i.e. a 
spring that could simulate the effect of 
the upper stories of the directly 
affected part. 

To take into account these new 
coupling effects, a new substructure 
has been developed in [6]. As can be 
seen in Fig. 2, this substructure is 
composed of all the stories of the 
directly affected part. The indirectly 
affected part is replaced by horizontal 
springs at each storey. These springs 
are coupled to each other, because the 
horizontal displacement at one storey 
does not only depend on the horizontal 
force acting at this level but also 
depends on the horizontal forces acting 
at the other stories. As the developed 
method is used to predict the structural 
response during Phase 3, this 
substructure is studied through a 
second-order rigid-plastic analysis. It 
has been demonstrated in [6] that the 
so-defined substructure is able to 
reflect with a very good agreement the 
global response of a frame during 
Phase 3.  

 

Fig. 3: Variation in the compression force in the upper 
columns 
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Fig. 2: Demonceau substructure [3] and substructure   
developed in [6] 



 

2.3 Analytical model to predict the substructure response 

Within the present section, the equations needed to predict the so-defined substructure response 
during Phase 3 are presented. These equations are related to two distinct parts of the frame as 
defined in Fig. 1: the directly affected part and the indirectly affected part. This results in different 
“blocks” connected to each other, with compatibility equations between them (Fig. 4): block 1 
represents one storey of the directly affected part and block 2 is the indirectly affected part. 

 

 

 

 

 

 

 

 

 

 

 

First, the equations for the block 1 will be considered. For one storey, 10 equations can be derived 
considering the static theorem (i.e. force equilibrium – eqs (1) & (2) – Fig. 6), the kinematic 
theorem (i.e. compatibility of displacements – eqs (3) to (6) – Fig. 5), the properties of the yielded 
sections (development of M-N interaction – eqs (7) & (8)) and the plastic elongation of the yielded 
beams (eqs (9) & (10)). 
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Fig. 4: Definition of blocks 

Fig. 6: Substructure: consideration of one storey 

Fig. 5: Internal forces in the substructure 
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In case the number of stories of the directly affected part is equal to stn , block 1 has to be 
considered stn  times. All the 10 expressed equations are of course still valid for each block, and 
compatibility equations between these blocks have to be added to the model: 

1 2 ...
stnQ Q Q Q                                             (11) 

1 2 ...
stn                                                    (12) 

In the equations (11) and (12), Q  is the total force applied to the substructure simulating the loss of 
the column, while iQ  is the part of that force supported by the storey n° “i”. In terms of 
displacements, all the stories have the same vertical displacement, equal to  (i.e. it is assumed that 
the columns elongation between the floors can be neglected).These compatibility equations between 
the stories represent 1stn   equations. 

The equations for block 2, i.e. the equations coming from the indirectly affected part are 
displacement compatibility equations. Indeed, the displacements g  and d  at each storey are 
common to the directly affected part and to the indirectly affected one. So, the following equations 
can be written, for a number of stories equal to stn : 
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This represents a total of 2 stn  equations. These equations express the presence of the horizontal 
springs in the substructure, taking into account the fact that these springs are coupled to each other. 
The values of ,g ijs  or ,d ijs , respectively for the left and right parts, are the terms of the “lateral 
stiffness matrix” of the indirectly affected part, and they are easily determined through first order 
elastic analysis, assuming that the indirectly affected part remains in the elastic domain during the 
column loss. To determine the terms ,1g js  and ,1d js  a force F = 1 kN is applied at the first storey of 
the directly affected part (Fig. 7 (a)) in a structure from which the directly affected part has been 
removed. The terms ,1g js  and ,1d js  are the horizontal displacements of the extremities of storey “j” 
of the directly affected part under this solicitation. In the same way, to determine the terms ,2g js  and 

,2d js , a force F = 1 kN has to be applied at the second storey of the directly affected part (Fig. 7 (b)). 
And so on for the other ,g ijs  or ,d ijs  terms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Determination of ijs  terms 
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Finally, for a given value of  , and since the number of unknowns is equal to the number of 
equations (see Table 1), this equations system can be solved (using appropriate software such as 
MATLAB, MATHEMATICA, MATCAD…) and the corresponding Q  can finally be obtained. The 
inputs of the model are the following: 

- 0L , the initial length of the beams 

- The lateral stiffness matrix of the indirectly affected part (the terms ,g ijs  and ,d ijs )  

- The M-N interaction laws, in both hogging and sagging. If the hinge occurs in the beam, it 
corresponds to the M-N resistant interaction curve of a steel or composite section. If the hinge 
occurs in the joint, then it corresponds to M-N resistant interaction curve of the joint; analytical 
methods to predict the latter for steel joints [7] and composite joints [3] have been developed and 
validated at Liège University. 

- The laws between , ,N SAG N HOG  and N, reflecting the plastic elongation of the plastic hinges 
when membrane forces are developing. They are assumed to be linear (as highlighted through 
numerical simulations), so that N NK N  . These laws cannot be, at this stage of the developments, 
determined analytically. The development of an analytical procedure for the prediction of this law 
constitutes a perspective to the presented developments (presently under investigation at Liège 
University). 
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Table 1: Summary of unknowns and equations 



 

3. Conclusion 

At Liège University, the exceptional scenario “loss of a column” in a building structure has been 
under investigation for a few years with the final objective to propose design requirements to ensure 
an appropriate robustness of structures under the considered scenario.  

The present paper gives a global overview of the adopted strategy to deal with this scenario, of the 
achievements in this field so far and of the ongoing research activities. In particular, simplified 
analytical methods have been developed to predict the static response of 2D steel and composite 
frames further to a column loss. The developed method allows predicting the response of a structure 
following a column loss using quite simple tools, thus avoiding the use of complex finite element 
simulations and constitutes the starting point for the development of design recommendations.  

A global approach was first developed for steel and composite structures but may be applied to 
other typologies of structures, as given in Fig. 8. Investigations have also been initiated to take the 
3D behaviour [5] and the dynamic effects [1] into account as reflected in Fig. 8. The objective at the 
end is to have Fig. 8 fully completed with “D” which would mean that design recommendations 
have been derived for most typologies of structures and are founded on the same global approach. 

Design  
recommendations 

TBD TBD TBD TBD TBD 

Dynamic effects I TBD TBD TBD TBD 

3D behaviour I I TBD TBD TBD 

2D behaviour D D TBD TBD TBD 

Global approach D D D D D 
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structures  

Composite 
structures 

Concrete 
structures 

Timber 
structures  

Masonry 
structures 
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